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Although there is no lack of textbooks on the differential and 
integral calculus, the beginner will have difficulty in finding a 
book that leads him straight to the heart of the subject and gives 
him the power to apply it intelligently. He refuses to be bored 
by diffuseness and general statements which convey nothing to 
him, and will not tolerate a pedantry which makes no distinction 
between the essential and the non-essential, and which, for the 
sake of a systematic set of axioms, deliberately conceals the 
facts to which the growth of the subject is due. 

True, it is easier to perceive defects than to remedy them. 
I make no claim to have presented the beginner with the ideal 
textbook. Yet I do not consider the publication of my lectures 
superfluous. In order and choice of material, in fundamental 
aim, and perhaps also in mode of presentation, they differ con- 
siderably from the current literature. 

The reader will notice especially the complete break away 
from the out-of-date tradition of treating the differential calculus 
and the integral calculus separately. This separation, a mere 
result of historical accident, with no good foundation either in 
theory or in practical convenience in teaching, hinders the 
student from grasping the central point of the calculus, namely, 
the connexion between definite integral, indefinite integral, and 
derivative. With the backing of Felix Klein and others, the 
simultaneous treatment of differential calculus and integral 
calculus has steadily gained ground in lecture courses. I here 
attempt to give it a place in the literature. This first volume 
deals mainly with the integral and differential calculus for func- 
tions of one variable; a second volume will be devoted to 
functions of several variables and some other extensions of the 
calculus. 
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My aim is to exhibit the close connexion between analysis and 
its applications and, without loss of rigour and precision, to give 
due credit to intuition as the source of mathematical truth. 
The presentation of analysis as a closed system of truths without 
reference to their origin and purpose has, it is true, an esthetic 
charm and satisfies a deep philosophical need. But the attitude 
of those who consider analysis solely as an abstractly logical, 
introverted science is not only highly unsuitable for beginners 
but endangers the future of the subject; for to pursue mathe- 
matical analysis while at the same time turning one’s back on its 
applications and on intuition is to condemn it to hopeless atrophy. 
To me it seems extremely important that the student should be 
warned from the very beginning against a smug and presumptu- 
ous purism; this is not the least of my purposes in writing this 
book. 

The book is intended for anyone who, having passed through 
an ordinary course of school mathematics, wishes to apply him- 
self to the study of mathematics or its applications to science 
and engineering, no matter whether he is a student of a univer- 
sity or technical college, a teacher, or an engineer. I do not 
promise to save the reader the trouble of thinking, but I do seek 
to lead the way straight to useful knowledge, and aim at making 
the subject easier to grasp, not only by giving proofs step by 
step, but also by throwing light on the interconnexions and 
purposes of the whole. 

The beginner should note that I have avoided blocking the 
entrance to the concrete facts of the differential and integral 
calculus by discussions of fundamental matters, for which he is 
not yet ready. Instead, these are collected in appendices to the 
chapters, and the student whose main purpose is to acquire the 
facts rapidly or to proceed to practical applications may post- 
pone reading these until he feels the need for them. The appen- 
dices also contain some additions to the subject-matter; they 
have been made relatively concise. The reader will notice, too, 
that the general style of presentation, at first detailed, is more 
condensed towards the end of the book. He should not, however, 
let himself be disheartened by isolated difficulties which he 
may find in the concluding chapters. Such gaps in understand- 
ing, if not too frequent, usually fill up of their own accord. 
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When American colleagues urged me to publish an English 
edition of my lectures on the differential and integral calculus, 
I at first hesitated. I felt that owing to the difference between 
the methods of teaching the calculus in Germany and in Britain 
and America a simple translation was out of the question, and 
that fundamental changes would be required in order to meet 
the needs of English-speaking students. 

My doubts were not laid to rest until I found a competent 
colleague in Professor E. J. McShane, of the University of 
Virginia, who was prepared not only to act as translator but also 
—after personal consultation with me—to make the improve- 
ments and alterations necessary for the English edition. 

Apart from many matters of detail the principal changes are 
these: (1) the English edition contains a large number of classified 
examples; (2) the division of material between the two volumes 
differs somewhat from that in the German text. In addition to 
a detailed account of the theory of functions of one variable, 
the present volume contains (in Chapter X) a sketch of the 
differentiation and integration of functions of several variables. 
The second volume deals in full with functions of several inde- 
pendent variables, and includes the elements of vector analysis. 
There is also a more systematic discussion of differential equa- 
tions, and an appendix on the foundations of the theory of real 
numbers. 

Thus the first volume contains the material for a course in 
elementary calculus, while the subject-matter of the second 
volume is more advanced. In the first volume, however, there is 
much which should be omitted from a first course. These sec- 
tions, intended for students wishing to penetrate more deeply 


into the theory, are collected in the appendices to the chapters, 
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so that beginners can study the book without inconvenience, 
omitting or postponing the reading of these appendices. 

The publication of this book in English has only been made 
possible by the generosity of my German publisher, Julius 
Springer, Berlin, to whom I wish to express my most cordial 
thanks. I have likewise to thank Blackie and Son, Ltd., who 
in spite of these difficult times have undertaken to publish this 
edition. My special thanks are due to the members of their 
technical staff for the excellent quality of their work, and to 
their mathematical editors, especially Miss W. M. Deans, who 
have relieved Prof. McShane and myself of much of the respon- 
sibility of preparing the manuscript for the press and reading 
the proofs. I am also indebted to many friends and colleagues, 
notably to Professor McClenon of Grinnell College, Iowa, to 
whose encouragement the English edition is due; and to Miss 
Margaret Kennedy, Newnham College, Cambridge, and Dr. 
Fritz John, who co-operated with the publisher’s staff in the 
proof-reading. 

R. COURANT. 


CamMBRIDGE, ENGLAND, 
June, 1934, 


PREFACE 
TO THE SECOND ENGLISH EDITION 


This second edition differs from the first chiefly in the 
improvement and rearrangement of the examples, the addi- 
tion of many new examples at the end of the book, and the 
inclusion of some additional material on differential equations. 


R. COURANT. 
New Rocnexrs, N.Y.. 
June, 1937. 
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DIFFERENTIAL AND 
INTEGRAL CALCULUS 


Introductory Remarks 


When the beginner comes in contact with the so-called higher 
mathematics for the first time, he is apt to be obsessed by the 
feeling that there is a certain discontinuity between school 
mathematics and university mathematics. This feeling ulti- 
mately rests on more than the historical circumstances which 
have caused university teaching to take a form differing so widely 
from that of the school. For the very nature of the higher 
mathematics, or rather, of the modern mathematics, developed 
during the last three centuries, distinguishes it from the elemen- 
tary mathematics which wholly dominated the school curri- 
culum until recently and whose subject-matter was often taken 
over almost directly from the mathematics of the ancient 
Greeks. 

A leading characteristic of elementary mathematics is its 
intimate association with geometry. Even where the subject 
passes beyond the realm of geometry into that of arithmetic, 
the fundamental ideas still remain geometrical. Another feature 
of ancient mathematics is perhaps its tendency to concentrate 
on particular cases. Things which to-day we should regard as 
special cases of a general phenomenon are set down higgledy- 
piggledy without any visible relationship between them. Its 
intimate association with geometrical ideas and its stress on 
individual niceties give the older mathematics a charm of its 
own. Yet it was a definite advance when at the beginning of 
the modern age in mathematics quite different tendencies de- 
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veloped, acting as the stimulus for a great expansion of the 
subject, which in spite of many improvements in detail had 
in a sense stood still for centuries. 

The fundamental tendency of all modern mathematics is 
towards the replacement of separate discussions of individual 
cases by more and more general systematic methods, which 
perhaps do not always do full justice to the individual features 
of a particular case, but which, owing to their generality and 
power, give promise of a wealth of new results. Again, the con- 
cept of number and the methods of analysis have come to occupy 
more and more independent positions and now dominate geometry 
entirely. These new tendencies towards the development of 
mathematics along a variety of lines are most clearly exhibited 
in the rise of analytical geometry, whose development is chiefly 
due to Fermat and Descartes, and of the differential and integral 
calculus, which is generally regarded as having originated with 
Newton and Leibnitz. 

The three hundred years during which modern mathematics 
has existed have seen such important advances not only in pure 
mathematics, but in an immense variety of applications to 
science and engineering, that its fundamental ideas and above 
all the concept of a function have by degrees become very widely 
known and have eventually penetrated even into the school 
curriculum. 

In this book my aim has been to develop the most important 
facts in the differential and integral calculus so far that at the close 
the reader, although he may have had no previous knowledge of 
higher mathematics, may be well equipped on the one hand for 
the study of the more advanced branches and of the foundations 
of the subject, or on the other hand, for the manipulation of the 
calculus in the varied realms in which it is applied. 

T should like to warn the reader specially against a danger 
which arises from the discontinuity mentioned in the opening 
paragraph. The point of view of school mathematics tempts one 
to linger over details and to lose one’s grasp of general relation- 
ships and systematic methods. On the other hand, in the 
“higher” point of view there lurks the opposite danger of 
getting out of touch with concrete details, so that one is left 
helpless when faced with the simplest cases of individual difficulty, 
because in the world of general ideas one has forgotten how to 
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come to grips with the concrete. The reader must find his own 
way of meeting this dilemma. In this he can only succeed by 
repeatedly thinking out particular cases for himself and acquiring 
a firm grasp of the application of general principles in particular 
cases; herein lies the chief task of anyone who wishes to pursue 
the study of Science. 


CHAPTER I 


Introduction 


The differential and integral calculus is based upon two 
concepts of outstanding importance, apart from the concept of 
number, namely, the concept of function and the concept of 
limit. These concepts can, it is true, be recognized here and 
there even in the mathematics of the ancients, but it is only 
in modern mathematics that their essential character and signi- 
ficance are fully brought out. In this introductory chapter 
we shall attempt to explain these concepts as simply and 
clearly as possible. 


1, Taz Continuum or NumBers 


The question as to the real nature of numbers is one which 
concerns philosophers more than mathematicians, and _philo- 
sophers have been much occupied with it. But mathematics 
must be carefully kept free from conflicting philosophical 
opinions; preliminary study of the essential nature of the con- 
cept of number from the point of view of the theory of know- 
ledge is fortunately not required by the student of mathematics. 
We shall therefore take the numbers, and in the first place the 
natural numbers 1, 2, 3,..., as given, and we shall likewise 
take as given the rules* by which we calculate with these 
numbers; and we shall only briefly recall the way in which the 
concept of the positive integers (the natural numbers) has had 
to be extended. 


* These rules are as follows: (4 + 6) +¢=a+ (b+). That is, if to the 
sum of two numbers a and b we add a third number c, we obtain the same 
result as when we add to a the sum of b and c. (This is called the associative 
law of addition.) Secondly, a + 6 = 6 + a (the commutative law of addition), 
Thirdly, (ab)c = a(bc) (the associative law of multiplication). Fourthly, ab = ba 
(the commutative law of multiplication). Fifthly, a(b + c) = ab + ae (the 
distributive law of multiplication). 
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1. The System of Rational Numbers and the Need for its 
Extension. 

In the domain of the natural numbers the fundamental 
operations of addition and multiplication can always be per- 
formed without restriction; that is, the sum and the product of 
two natural numbers are themselves always natural numbers. 
But the inverses of these operations, subtraction and division, 
cannot invariably be performed within the domain of natural 
numbers; and because of this mathematicians were long ago 
obliged to invent the number 0, the negative integers, and 
positive and negative fractions. The totality of all these numbers 
is usually called the class of rational numbers, since they are all 
obtained from unity by using the “ rational operations of calcu- 
lation’, addition, multiplication, 
subtraction and division. 

Numbers are usually represented 
graphically by means of the points 
of a straight line, the “number axis”, by taking an arbitrary 
point of the line as the origin or zero point and another 
arbitrary point as the point 1; the distance between these two 
points (the length of the unit interval) then serves as a scale by 
which we can assign a point on the line to every rational number, 
positive or negative. It is customary to mark off the positive 
numbers to the right and the negative numbers to the left 
of the origin (cf. fig. 1). If, as usual, we define the absolute 
value (also called the numerical value or modulus) |a@| of 
a@ number a to be a itself when * a= 0, and to be —a when 
a <0, then | a| simply denotes the distance of the corresponding 
point on the number axis from the origin. 

The geometrical representation of the rational numbers by 
points on the number axis suggests an important property which 
is usually stated as follows: the set of rational numbers is every- 
where dense. This means that in every interval of the number 
axis, no matter how small, there are always rational numbers; 
geometrically, in the segment of the number axis between any 
two rational points, no matter how close together, there are points 
corresponding to rational numbers. This density of the rational 


SEE a oo a 
-3 -2 ~1 Oo ft 2 83 
Fig. 1.—The number axis 


* By the sign = we mean that either the sign > or the sign = shall hold. 
A corresponding statement holds for the signs + and + which will be used 
later. 
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numbers at once becomes clear if we start from the fact that the 
1 1 


numbers 1 es _— 
9° 92’ 93° bid 9” * 


.- become steadily smaller and 


approach nearer and nearer to zero as n increases. If we now 
divide the number axis into equal parts of length 1/2", beginning 


at the origin, the end-points a 5 Ba ... of these intervals 
represent rational numbers of the form m/2"; here we still have 
the number n at ‘our disposal. If now we are given a fixed 
interval of the number axis, no matter how small, we need only 
choose n 80 large that 1/2” is less than the length of the interval; 
the intervals of the above subdivision are then small enough for 
us to be sure that at least one of the points of subdivision m/2" 
lies in the interval. 

Yet in spite of this property of density the rational numbers 
are not sufficient to represent every point on the number axis. 
Even the Greek mathematicians recognized that when a given 
line segment of unit length is chosen there are intervals whose 
lengths cannot be represented by rational numbers; these are 
the so-called segments incommensurable with the unit. Thus, for 
example, the hypotenuse of a right-angled isosceles triangle with 
sides of unit length is not commensurable with the unit of length. 
For, by the theorem of Pythagoras, the square of this length 1 
must be equal to 2. Therefore, if 1 were a rational number 
and consequently equal to p/q, where p and g are integers 
different from 0, we should have p? = 29%, We can assume that 
p and q have no common factors, for such common factors could 
be cancelled out to begin with. Since, according to the above 
equation, p* is an even number, p itself must be even, say 
p= 2p’. Substituting this expression for p gives us 4p'2 = 24°, 
or g? = 2p"; consequently q? is even, and so q is also even, 
Hence p and qg both have the factor 2. But this contradicts our 
hypothesis that p and g have no common factor. Thus the 
assumption that the hypotenuse can be represented by a fraction 
p/q leads to contradiction and is therefore false. 

The above reasoning, which is a characteristic example of 
an “indirect proof”, shows that the symbol 4/2 cannot corre- 
spond to any rational number. Thus we see that if we insist that 
after choice of a unit interval every point of the number axis 
shall have a number corresponding to it, we are forced to extend 
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the domain of rational numbers by the introduction of new 
“irrational”? numbers. This system of rational and irrational 
numbers, such that each point on the axis corresponds to just 
one number and each number corresponds to just one point on 
the axis, is called the system of real numbers.* 


2. Real Numbers and Infinite Decimals. 


Our requirement that to each point of the axis there shall 
correspond one real number states nothing a priori about the 
possibility of calculating with these real numbers in the same 
way a8 with rational numbers. We establish our right to do 
this by showing that our requirement is equivalent to the 
following fact: the totality of all real numbers is represented 
by the totality of all finite and infinite decimals. 

We first recall the fact, familiar from elementary mathe- 
matics, that every rational number can be represented by a 
terminating or by a recurring decimal; and conversely, that every 
such decimal represents a rational number. We shall now show 
that to every point of the number axis we can assign a uniquely 
determined decimal (usually infinite), so that we can represent 
the irrational points or irrational numbers by infinite decimals. 
(In accordance with the above remark the irrational numbers 
must be represented by infinite non-recurring decimals, for ex- 
ample, 0-101101110. ..). 

Suppose that the points which correspond to the integers 
are marked on the number axis. By means of these points the 
axis is subdivided into intervals or segments of lengthl. In 
what follows, we shall say that a point of the line belongs to an 
interval if it is an interior point or an end-point of the interval. 
Now let P be an arbitrary point of the number axis. Then the 
point belongs to one, or if it is a point of division to two, of 
the above intervals. If we agree that in the second case the 
right-hand one of the two intervals meeting at P is to be chosen, 
we have in all cases an interval with end-points g and g-+ 1 to 
which P belongs, where g is an integer. This interval we 
subdivide into ten equal sub-intervals by means of the points 


corresponding to the numbers g + Lm g+ = fee G+ = and 


* Thus named to distinguish it from the system of complex numbers, obtained 
by yet another extension. 
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we number these sub-intervals 0, 1,..., 9 in the natural order 
from left to right. The sub-interval with the number a then has 


the end-points g ++ a and g+ a + = The point P must be 


contained in one of these sub-intervals. (If P is one of the new 
points of division it belongs to two consecutive intervals; as 
before, we choose the one on the right.) Suppose that the interval 
thus determined is associated with the number a,. The aa 
points of this ais then correspond to the numbers 9+ i 
and g Bes io + a This sub-interval we again divide into ten 


equal parts and determine that one to which P belongs; as be- 
fore, if P belongs to two sub-intervals we choose the one on the 
ee ihe thus ee an ae with the end-points 
g+ 3 ++ Z, and g-+ 3 4 Sey 
‘iia’ 0, bes ee ag Oe ad sub-interval we again subdivide, and 
continue to repeat the process. After n steps we arrive at a sub- 


where a, is one of the 


interval containing P, having length i and with end-points 
rae to the numbers 


g+2 at at.. +3 ~ and g+4 atiat: +e ab ae 
Here each a is one of the numbers 0, 1,...,9. But 
a ay 
ee 102 et 10” 


is simply the or fraction 0-a,a,...a,. The end-points 
of the interval, therefore, may also be written in the form 


g+ Oa,a,...a, and 9+ Oray0y. dy + oF 


If we consider the above process repeated indefinitely, we obtain 
an infinite decimal 0-a,a, ..., which has the following meaning. 
If we break off this decimal at any place, say the n-th, the point 


P will lie in the interval of length in whose end-points (approxi- 
mating points) are 


O-aya,...a, and Oda... . A, + —. 
9 + O-a,a, a, and g+ 0-a,a, a + ips 
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In particular, the point corresponding to the rational number 
g + O-a,a,...@, will lie arbitrarily near to the point P if only 
n is large enough; for this reason the points g + 0-a,a,... a, 
are called approximating points. We say that the infinite decimal 
g + O-a,a,...%s the real number corresponding to the point P. 

Here we would emphasize the fundamental assumption that 
we can calculate in the usual way with the real numbers, and 
hence with the decimals. It is possible to prove this using 
only the properties of the integers as a starting-point. But 
this is no light task; and rather than allow it to bar our pro- 
gress at this early stage, we regard the fact that the ordinary 
rules of calculation apply to the real numbers as an axiom, 
on which we shall base the whole differential and integral calculus. 

We here insert a remark concerning the possibility, in certain cases, of 
choosing the interval in two ways in the above scheme of expansion. From 
our construction it follows that the points of division arising in our 
repeated process of subdivision, and such points only, can be represented 
by finite decimals g + 0-a,a,...a,. Let us suppose that such a point P 
first appears as a point of division at the n-th stage of the subdivision. 
Then according to the above process we have chosen at the n-th stage the 
interval to the right of P. In the following stages we must choose a sub- 
interval of this interval. But such an interval must have P as its left end- 
point. Therefore in all further stages of the subdivision we must choose 
the first sub-interval, which has the number 0. Thus the infinite decimal 
corresponding to P is g + 0-a,a,...a@,000.... If, on the other hand, 
we had at the n-th stage chosen the left-hand interval containing P, then 
in all later stages of subdivision we should have had to choose the sub- 
interval farthest to the right, which has P as its right end-point. Such 
a sub-interval has the number 9. Thus for P we should have obtained a 
decimal expansion in which all the digits from the (n + 1)-th onward are 
nines. The double possibility of choice in our construction therefore corre- 
sponds to the fact that for example the number } has the two decimal 
expansions 0-25000 . . . and 0-24999.... 


3. Expression of Numbers in Scales other than that of 10. 


In our representation of the real numbers we made the 
number 10 play a special part, for each interval was subdivided 
into ten equal parts. The only reason for this is the widespread 
use of the decimal system. We could just as well have taken p 
equal sub-intervals, where p is an arbitrary integer greater 
than 1, We should then have obtained an expression of the 


form g+ a+ ba . ++, where each 6 is one of the numbers 
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0,1,...,9—1. Here again we find that the rational numbers, 
and only the rational numbers, have recurring or terminating 
expansions of this kind. For theoretical purposes it is often 
convenient to choose p= 2. We then obtain the binary expan- 
sion of the real numbers, 


by, bs 
Gt ataateess 


where each 6 is either * 0 or 1. 

For numerical calculations it is customary to express the 
whole number g, which for simplicity we here take to be posi- 
tive, in the decimal system, that is, in the form 


Om lO” + Oy _yl0™ > +... + 2410 + ay, 
where each a, is one of the digits 0, 1, ..., 9. Then for 
g + O-a,a,...we write simply 
Am Amy eee 42 $ Ay1Ao eee 


Similarly, the positive whole number g can be written in one and 
only one way in the form 


Bep* + BrapPi+...+ Bip By 


where each of the numbers £, is one of the numbers 0, 1,..., p—1. 
This, with our previous expression, gives the following result: 
every positive real number can be represented in the form 


Bep® + Peat + Birt Bot 24 t+ say 


where f, and b, are whole numbers between 0 and p— 1. Thus, 
for example, the binary expansion of the fraction 22 is 


21 0,1 
—=1x 24+0x2 1 +, 
pm IXB+Ox2@+1454+5 


* Even for numerical calculations the decimal system is not the best. The 
sexagesimal system (py = 60), with which the Babylonians calculated, has the 
advantage that a comparatively large proportion of the rational numbers whose 
decimal expansions do not terminate pussess terminating sexagesimal ex- 
pansions. 
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4. Inequalities. 


Calculation with inequalities plays a far larger part in higher 
mathematics than in elementary mathematics. We shall there- 
fore briefly recall some of the simplest rules concerning them. 

Ifa>b and c>d it follows that a+c>b-+d, but not 
that a—c>b—d. Moreover, if a> 6 it follows that ac > be, 
provided ¢ is positive. On multiplication by a negative number 
the sense of the inequality is reversed. If a>b>0 and 
c>d> 0, it follows that ac > bd. 

For the absolute values of numbers the following inequalities 
nold: 

[o+b/Sla|+ |e], le +5/2]4]—[4]. 


The square of any real number is greater than or equal to zero. 
Therefore, if z and y are arbitrary real numbers 
(o— y? = 2? 4+ y? — Qary | 0,7 


or Qey Sx? + y%. 


5. Schwarz’s Inequality. 


Let a4, a, ..., % and b,, by, ..., 6, be any real numbers. 
In the preceding inequality we make ‘the substitutions * 


| a; | | be | 
VJ (ay? + ag? +... + G2)’ ~ / 2 + b+... + by) 
for i= 1, i= 2,...,4= n successively and add the resulting 
inequalities. On the right we obtain the sum 2, for 


(Fartttaaa) t+ (Gare rea)“ 


(serfs) av ig + (zor Pts)o 


If we divide both sides of the inequality by 2 we obtain 


| a,b, | + | a.b,|/+.. at [obs | <1, 
AV (a2 + oe Hag?) V(b +... + On?) 


c= 


* Here and hereafter the symbol Vx, where x > 0, denotes that positive 
number whose square is 2. 
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or finally 

|ayb, {+ |a_bo]+...+ | and, | SV/(aj2+.. Ha,2)/(B,2 +...45,2). 
Since the expressions on both sides of this inequality are positive, 
we may square and then omit the modulus signs: 
(a,b, + dgb,+ ...+ @nb,)? S (a? + ...+an?) (by?+ 22. +b,2). 
This is the Cauchy-Schwarz inequality. 


EXAMPLEs * 


1. Prove that the following numbers are irrational: (a) V3. (b) Vn, 
where n is not a perfect square. (c) 4/3. (d)* a= V2+ a/2. 
(e)* w= VB + 4/2. 

2.* In an ordinary system of rectangular co-ordinates, the points for 
which both co-ordinates are integers are called /attice points. Prove that 
a triangle whose vertices are lattice points cannot be equilateral, 


3. Prove the inequalities: 
@)etlsoc>0. a+! s-22<0. 
x x 


() e+} 22, 2+0. 
4. Show that ifa > 0, aa* + 2bx + ¢ = 0 for all values of z if, and only 
ff, B®? — ac <0. 
5. Prove the following inequalities: 
(a) a + ay + x20. 
(B)* a2 4 g2P—ly +4 gir Byte , 4 yen > O, 
(c)* xf — 3a + 4a? — 82 +120. 
6. Prove Schwarz’s inequality by considering the expression 
(a,x + 24)? + (aga + ba)? +... + (a,2 + 0,)% 
collecting terms and applying Ex. 4. 


7. Show that the equality sign in Schwarz’s inequality holds if, and 
only if, the a’s and 6’s are proportional; that is, ca, + db, = 0 for all v’s, 
where c, d are independent of v and not both zero. 

8. For n= 2, 3, state the geometrical interpretation of Schwarz’s 
inequality.’ 

9. The numbers y,, y, are direction cosines of a line; that is, 
vi'+ y.2=1. Similarly, 27+ 7%=1. Prove that the equation 
Ys + YeN2 = 1 implies the equations y;= yy, Y2= Ye 

10.* Prove the inequality 


Va, = 0) +. + Gy — On)? S la +... + a8) + 4/02... 40,8) 


and state its geometrical interpretation. 


* The more difficult examples are indicated by an asterisk. 
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2. Tae Concert or FUNCTION 
1. Examples. 


(a) If an ideal gas is compressed in a vessel by means of a 
piston, the temperature being kept constant, the pressure p 
and the volume v are connected by the relation 


pv = C, 


where C is a constant. This formula, called Boyle’s Law, states 
nothing about the quantities v and p themselves, but has the 
following meaning: if p has a definite value, arbitrarily chosen 
in a certain range (the range being determined physically and not 
mathematically), then v can be determined, and conversely: 


val, pu? 
P v 
We then say that v is a function of p, or in the converse case 
that p is a function of v. 
(5) If we heat a metal rod, which at temperature 0° has length 
I, to the temperature 6°, then its length / will be given, on the 
simplest physical assumptions, by the law 


- where B, the “ coefficient of expansion”, is a constant. Again 
we say that J is a function of 0. 

(c) In a triangle let the lengths of two sides, say a and 8, 
be given. If for the angle y between these two sides we choose 
any arbitrary value less than 180° the triangle is completely 
determined; in particular, the third side c is determined. In 
this case we say that if a and 0 are given c is a function of the 
angle y. As we know from trigonometry, this function is repre 
sented by the formula 


e= 4/(a? + b? — 2ab cos y). 


2. Formulation of the Concept of Function. 


In order to give a general definition of the mathematical 
concept of function, we fix upon a definite interval of our number 
scale, say the interval between the numbers a@ and b, and con- 
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sider the totality of numbers x which belong to this interval, 
that is, which satisfy the relation 


a@sesb. 


If we consider the symbol x as denoting at will any of the 
numbers in this interval, we call it a (continuous) variable in the 
interval, 

If now to each value of x in this interval there corresponds 
a single definite value y, where xz and y are connected by any 
1aw whatsoever, we say that y is a function of x, and write sym- 
bolically 


y=f(x), y=F(x), y=g(2), 


or some similar expression. We then call x the independent 
variable and y the dependent variable, or we call x the argument 
of the function y. 

It should be remarked that for certain purposes it makes a 
difference whether in the interval from a to 6 we include the 
end-points, as we have done above, or exclude them; in the 
latter case, the variable x is restricted by the inequalities 


e<r<bd, 


To avoid misunderstanding we may call the first kind of 
interval (including end-points) a closed interval, the second kind 
an open interval. If only one end-point and not the other is 
included (as for example a <z<b) we speak of an interval 
open at one end (in this case the end a). Finally, we may also 
consider open intervals which extend without bound in one 
direction or both. We then say that the variable x ranges over 
an infinite (open) interval, and write symbolically 


@<t<om or —-M<e¢<b or —wWezecm, 


In the general definition of a function which is defined in an interval 
nothing is said about the nature of the relation by which the depen- 
dent variable is determined when the independent variable is given. This 
relation may be as complicated as we please, and in theoretical investi- 
gations this wide generality is an advantage. But in applications, and in 
particular in the differential and integral calculus, the functions with 
which we have to deal are not of the widest generality; on the contrary, 
the laws of correspondence by which a value of y is assigned to each x 
are subject to certain simplifying restrictions. 
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3. Graphical Representation. Continuity. Monotonic Fauctions. 


Natural restrictions of the general function-concept are 
suggested if we consider the connexion with geometry. The 
fundamental idea of analytical geometry is in fact that of giving 
a curve defined by some geometrical property a characteristic 
analytical representation by regarding one of the rectangular 
co-ordinates, say y, as a function y= f(x) of the other co- 
ordinate x; for example, a parabola is represented by the func- 
tion y = 2%, the circle with radius 1 about the origin by the two 
functions y = +/(1 — 2?) and y= —+/(1— 2”). In the first 
example we may think of the function as defined in the infinite 
interval —o <2 < 0; inthe second we must restrict ourselves 
to the interval —1 S251, since 
outside this interval the function has 
no meaning (when zx and y are real). 

Conversely, if instead of starting 
with a curve determined geometrically 
we consider a given function y = f(z), 
we can represent the functional de- 
pendence of y on «@ graphically by 
making use of a rectangular co-ordinate system in the usual 
way (cf. fig. 2). If for each abscissa 7 we lay off the correspond- 
ing ordinate y = f(z), we obtain the geometrical representation 
of the function. The restriction which we now wish to impose 
on the function-concept is this: the geometrical representation 
of the function shall take the form of a “reasonable’’ geo- 
metrical curve. This, it is true, implies a vague general 
idea rather than a strict mathematical condition. But we 
shall soon formulate conditions, such as continuity, differentia- 
bility, &c., which will ensure that the graph of a function has 
the character of a curve capable of being visualized geometri- 
cally. At any rate, we shall exclude a function such as the 
following: for every rational value of z, the function y has the 
value 1; for every irrational value of x, the value of y is 0. 
This assigns a definite value of y to each 2; but in every 
interval of x, no matter how small, the value of y jumps from 
0 to 1 and back an infinite number of times. 

Unless the contrary is expressly stated, it will always be 
assumed that the law which assigns a value of the function to 


Fig. a.—Rectangular axes 
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each value of x assigns just one value of y to each value of 2, as 
for example y= 2? or y= sing. If we begin with a curve 
given geometrically it may happen, as in the case of the circle 
gz? +. y2 = 1, that the whole course of the curve is not given by 
one single (one-valued) function, but requires several functions— 
in the case of the circle, the two functions y= +/(1 — z*) and 
y=—/(l1—2*). The same is true for the hyperbola 
y*— 2x*=1, which is represented by the two functions 
y=VJ/(1+ 2) and y= —+/(1+ 27). Such curves therefore 
do not determine the corresponding functions uniquely. Conse- 
quently it is sometimes said that the function corresponding to 


y 
Ny 
‘. 


% 0) 


Fig. 3 Fig. 4 
Multiple-valued functions 

the curve is multiple-valued. The separate functions representing - 
the curve are then called the single-valued branches belonging - 
to the curve. For the sake of clearness we shall henceforth 
use the word “function” to mean a single-valued function. 
In conformity with this, the symbol +/z (for z 2 0) will always 
denote the non-negative number whose square is &. 

If a curve is the geometrical representation of one function 
it will be cut by any parallel to the y-axis in at most one point, 
since to each point x in the interval of definition there corre- 
sponds just one value of y. Otherwise, as for example in the case 
of the circle which is represented by the two functions 


y=V(1—2*) and y= —(1— 2"), 


such parallels to the y-axis may intersect the curve in more than 
one point. The portions of a curve corresponding to different 


single-valued branches are sometimes so connected with each 
2 (E798) 
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other that the complete curve is a single figure which can be 
drawn with one stroke of the pen, e.g. the circle (cf. fig. 3), or, on 
the other hand, the branches may be completely separated, 


b e.g. the hyperbola (cf. fig. 4). 
¥ ott 


Here follow some further examples 
of the graphical representation of 
functions. 


(a) y = az. 


y is proportional to a The graph 
2 (cf. fig. 5) is a straight line through the 
origin of the co-ordinate system. 


Fig. 5.—-Linear functions (5) y= ax-+ bd. 


y is a “ linear function ” of x. The graph is a straight line through the 
point «= 0, y=, which, if @ +0, also passes through the point 
2 = —b/a, y = 0, and if a = O runs horizontally. 


(c) y=, 


Fig. 6.—Infinite discontinuities 


y is inversely proportional to x. If in particular a = 1, so that 


Qo 


y= 
we find, for example, that 
y= lforz=l,y=2forz=4, y=} forz= 2, 
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The graph (cf. fig. 6) is a curve, a rectangular hyperbola, symmetrical 
with respect to the bisectors of the angles between the co-ordinate 
axes, 

This last function is obviously not defined for the value x = 0, since 
division by zero has no meaning. The exceptional point z = 0, in whose 
neighbourhood there occur arbitrarily large values of the function, both 
positive and negative, is the simplest example of an infinite discontinuity, 
a subject to which we shall return later (cf. p. 51). 


As is well known, this function is Ke 
represented by a parabola (cf. fig. 7). 4 
Similarly, the function y = 2° is 
represented by the so-called cubical 
parabola (cf. fig. 8). 
(e) 
y 
hy 
x 
(e) z 
Fig. 7.—Parabola Fig. 8.—Cubical parabola 


The curves just considered and their graphs exhibit a property 
which is of the greatest importance in the discussion of functions, 
namely, the property of continuity. We shall later (§ 8, p. 49) 
analyse this concept in more detail; intuitively it comes to 
this, that a small change in z causes only a small change in y 
and not a sudden jump in its value; that is, the graph is not 
broken off. More exactly, the change in y remains less than any 
arbitrarily chosen positive bound, provided that the change in 
% is correspondingly small. 

A function which for all values of x in an interval has the 
same value y= a is called a constant; it is graphically repre- 
sented by a horizontal straight line. A function y = f(x) such 
that throughout the interval in which it is defined an increase 
in the value of a always causes an increase in the value of y is 
called a monotonic increasing function; if, on the other hand, 
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an Increase in the value of x always causes a decrease in the 
value of y, the function is called a monotonic decreasing function. 
Such functions are represented graphically by curves which 
in the corresponding interval always rise (from left to right) or 
always fall (cf. fig. 9). 

If the curve represented by y= f(x) is symmetrical with 


respect to the y-axis, that is, if = —a and w = a give the same 
value for the function, or 
f (—2) =f (x), 


we say that the function is an even function. For example, the 
function y = 2? is even (cf. fig. 7). If, on the other hand, the 


y y 


Fig. 9.—Monotonic functions 


curve is symmetrical with respect to the origin, that is, if 
f(—=) = — f(a), 


we call the function an odd function; for example, the functions 
y= a and y= 2 (cf. fig. 8) and y= 1/2 are odd. 


4. Inverse Functions. 


Even in our first example on p. 14 it was made evident that 
a formal relationship between two quantities may be regarded 
in two different ways, since it is possible either to consider the 
first variable as a function of the second or to consider the second 
as a function of the first. If, for example, y= ax-+ b, where 
we assume that a = 0, x is represented as a function of y by the 
equation «= (y—6)/a. Again, the functional relationship 
represented by the equation y = 2? can also be represented by 
the equation x= +/y, so that the function y= 2? amounts 
to the same thing as the two functions = +/y and z= —+/y. 
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Thus, when an arbitrary function y = f(z) is given we can attempt 
to determine # as a function of y, or, as we shall say, to replace 
the function y = f(x) by the inverse function «= ¢(y). 

Geometrically this has the following meaning: we consider 
the curve obtained by reflecting the graph of y = f(x) in the 
line bisecting the angle between the positive z-axis and the 
positive y-axis * (cf. fig. 10). This at once gives us a graphical 
representation of x as a function of y and thus represents the 
inverse function z= ¢(y). 

These geometrical ideas, however, show us at once that a 


y 


Fig. 10.—Inversion of a function 


function y= f(x) defined in an interval has not a single-valued 
inverse function unless certain conditions hold. If the graph of 
the function is cut by a line y = ¢ parallel to the z-axis in more 
than one point, the value y =e will correspond to more than 
one value of x, so that the function cannot have a single-valued 
inverse function. This case cannot occur if y= f(x) is con- 
tinuous and monotonic. For then fig. 10 shows us that to each 
value of y in the interval y,yy, there corresponds just one value of 
x in the interval a,77,, and from the figure we infer that a func- 
tion which 1s continuous and monotonic in an interval always has 
a single-valued inverse function, and this inverse function is also 
continuous and monotonic. (For a rigorous proof, see p. 67.) 


* Instead of reflecting the graph in this way, we could first rotate the co- 
ordinate axes and the curve y = f(x) through a right angle and then reflect 
the graph in the z-axis. 
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3. More DetarteD Stupy oF THE ELEMENTARY FUNCTIONS 


l. The Rational Functions. 


We now pass on to a brief review of the elementary functions 
which the reader has already met with in his previous studies. 
The simplest types of function are obtained by repeated appli- 
cation of the elementary operations: addition, multiplication, 
subtraction. If we apply these operations to an independent 


Yn. 


Fig. 11.—Powers of # Fig. 12 


variable x and any real numbers, we obtain the rational integral 
Junctions or polynomials: 


y=at+az+...4+ 4,0" 


The polynomials are the simplest and, in a sense, the basic 
functions of analysis. 

If we now form the quotients of such functions, that is, 
expressions of the form 


A+ayr+...f-a,2" 
bbtbat...+6,0 


we obtain the general or fractional rational functions, which are 
defined at all points where the denominator differs from zero. 


y= 


The simplest rational integral function is the linear function 
y=ar+b. 
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It is represented graphically by a straight line. Every quadratic function 
of the form 
y= az?+ bz+e 


is represented by a parabola. The curves which represent rational integral 
functions of the third degree, 

y = as? + be? + ox +d, 
are occasionally called parabolas of the third order, and so on. 

As examples, we give the graphs of the function y = 2" for the 
indices n = 1, 2, 3, 4 in fig. 11. We see that for even values of n the func- 
tion y = a satisfies the equation f(—z) = f(x), and is therefore an even 
function, while for odd values of n the function satisfies the condition 
f(—2x) = —f(x), and is therefore an odd function. 

The simplest example of a rational function which is not a polynomial 
is the function y = 1/z mentioned on p. 18; its graph is a rectangula: 
hyperbola, Another is the function y = 1/z? (ef. fig. 12). 


2. Algebraic Functions. 

We are at once led away from the domain of rational func- 
tions by the problem of forming their inverses. The most impor- 
tant example of this is the introduction of the function %/z. 
We start with the function y= 2", which for = 0 is mono- 
tonic. It therefore has a single-valued inverse, which we denote 
by the symbol = +/y, or, interchanging the letters used for 
the dependent and independent variables, 

y= Ve= ox" 
In accordance with the definition this root is always non-negative. 
In the case of odd values of n the function 2" is monotonic for all 
values of «, including negative values. Consequently for odd 
values of m we can also define 4/x uniquely for all values of 2; 
in this case \/z is negative for negative values of 2. 
More generally we may consider 


y= VRQ), 
where R(x) is a rational function. We arrive at further functions 
of similar type by applying rational operations to one or more 
of these special functions. Thus for example we may form the 
functions 
y= VE+tVeE+)), y=ot oe + 1). 
These functions are special cases of algebraic functions. (The 


general concept of an algebraic function cannot be defined here; 
see Chapter X.) 
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3. The Trigonometrie Functions. 


While the rational functions and the algebraic functions just 
considered are defined directly in terms of the elementary opera- 
tions of calculation, geometry is the source from which we 
first draw our knowledge of the other functions, the so-called 
transcendental functions.* We shall here consider the elementary 
transcendental functions, namely, the trigonometric functions, 
the exponential function, and the logarithm. 

In all higher analytical investigations where angles occur it 
is customary to measure these angles not in degrees, minutes, 
and seconds, but in radians. 
We place the angle to be 
measured with its vertex at the 
centre of a circle of radius 1, 
and measure the size of the 
angle by the length of the arc 
of the circumference which the 
angle cuts out. Thus an angle 
of 180° is the same as an 
angle of a radians (has radian 
measure 77), an angle of 90° has 
radian measure 7/2, an angle 
of 45° has radian measure 7/4, an angle of 360° has radian 
measure 27. Conversely, an angle of 1 radian expressed in 
degrees is 


Fig. 13.—The trigonometric functions 


Oo 
, OF approximately 57° 17’ 45”. 


WT 


Henceforward, whenever we speak of an angle z, we shall 
mean an angle whose radian measure is 2. 

After these preliminary remarks we may briefly remind the 
reader of the meanings of the trigonometric functions sinz, 
cosz, tanz, cotx.f These are shown in fig. 13, in which the angle 
x is measured from the arm OC (of length 1), angles being reckoned 
positive in the counter-clockwise direction. The rectangular 

* The word “ transcendental ” does not mean anything particularly deep or 
mysterious; it merely suggests the fact that definition of these functions by 
means of the elementary operations of calculations is not possible, “ quod 
algebrae vires transcendit”. 


tit is sometimes convenient to introduce the functions secz = 1/cosz, 
cosec = I/sin zx. 
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co-ordinates of the point A at once give us the functions cosz 
and sinz. The graphs of the functions sinz, cosz, tanz, cotz 
are given in figs. 14 and 15. 


\ 
\ 
\ 

\ 
1 


\ 
Fig. 15 


4. The Exponential Function and the Logarithm. 


In addition to the trigonometric functions, the exponential 
function with the positive base a, 


y= a, 
and its inverse, the logarithm to the base a, 
x = log.y, 


are also regarded as elementary transcendental functions. In 
elementary mathematics it is customary to pass over certain 
inherent difficulties in the definition of these functions, and we 
too shall postpone the exact discussion of the functions until 
we have better methods at our disposal (cf. Chapter III, § 6, 
pp. 167-177, and also p. 191). We can, however, at least 


state the basis of the definitions here. If x= p/q is a 
2* (2798) 
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rational number (where p and q are positive integers), then— 
the number a being assumed positive—we define a? as 
4/a? = a?!t, where the root, according to convention, is to be 
taken as positive. Since the rational values of x are everywhere 
dense, it is natural to extend this function a* so as to make it a 
continuous function defined for irrational values of z also, giving 
values to a* when 2 is irrational which are continuous with the 
' values already defined when z is rational. This gives us a con- 
tinuous function y= a*, the “exponential function”, which 
for all rational values of x gives the value of a* found above. 
That this extension is actually possible and can be carried out 
in only one way we meanwhile take for granted; but it must 
be borne in mind that we still have to prove that this is so.* 


The function x= log,y 


can then be defined for y > 0 as the inverse of the exponential 
function. 


ExaMeies 


1. Plot the graph of y= 2. From this, without further calculation, 
find the graph of y = +/z. 
2. Sketch the following graphs, and state whether the functions are 
even or odd: 
(a) y= sin2z. 
(b) y = 5 cosz. 
(c) y = sinz + cos”. 
(d) y= 2sinz + sin2z, 
(e) y= sin(# + x). 


ri 
(f) y = 2cos = +2). 


(9) y= tanz — x, 

3. Sketch the graphs of the following functions, and state whether the 
functions are (1) monotonic or not, (2) even or odd: 

(a) y= (—-w<r< w), 

(6) y= 2#?(0S251). 

(c) y= a(—-1 Sez Sl). 

(@) y=|2|(-I Ses). 

(e) y= Va8(-l1 S2S)). 

\f) y=|2—1](—0 <2<o), 

(9) y= | 2° + 424+ 2] (—4S 2 S 3). 

(4) y = [x] (— 2% <a < @), where [x] means the greatest integer 
which does not exceed ; that is, [x] Sa < {J+ 1. 


* Cf. pp. 70 and 173. 
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(i) y= a2—[z](—7 <4 < ow). 

(jf) y= Va— [z](—0 <2 <0), 

(hk) y= a+ Vae— [x] (—0 <2 <a) 

(i) y=|e—1|+|z+1|/—2(-5 Sz <5). 

(m) y=|a—1|/—2|2(/+|2+1|(-2e<2< wo). 


Which two of these functions are identical? 


4, A body dropped from rest falls approximately 16# ft. in ¢ sec. If 
a ball falls from a window 25 ft. above ground, plot its height above ground 
as a function of ¢ for the first 4 sec. after it starts to fall. 


4. Founcrions oF an INTEGRAL VARIABLE. SEQUENCES 
or NUMBERS 


Hitherto we have considered the independent variable as a 
continuous variable, that is, as varying over a complete interval. 
However, numerous cases occur in mathematics in which a quan- 
tity depends only on an integer, a number n which can take 
the values 1, 2, 38,... . Such a function we call a function 
of an integral variable. This idea will most easily be grasped 
by means of examples. 


1. The sum of the first n integers, 
8,(n)=14+24+3+4+4+...+ = }in(n4 1), 
is a function of n. Similarly, the sum of the first n squares, 
8,(n) = 12 + 224+ 329+ ...4+ 4, 
is a function * of the integer n. | 


* This last sum may easily be represented as a simple rational expression 
in n in the following way. We begin with the formula 


(vy + LP — 4 = 3.9 + 3v + 1, 


write down this equation for the values v = 0, 1, 2,...,”, and add. We 
thus obtain 
(n + 1)® = 38, + 38, +n + |; 


on substituting the formula just given for S,, this becomes 
Cn 1 
38, = (n+ 1){ (w+ 18-1 - 5a} = (n + 1){ nt + 5") 
so that 
S, = gn(n + 1)(2n + 1). 
By a similar process the functions 
Sin) = 13 + 4 LL. + nd, 
S(n) ~ 14 + A+... t ns, 


can be represented as rational functions of 2. 
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2. Other simple functions of integers are the expression 
ni= 1.2.3..." 


and the binomial coefficients 


je 1 n! 
k]  kt”~‘“—stsCsCS A 


for a fixed value of k. 

3. Every whole number n > 1 which is not a prime number is divisible 
by more than two positive integers, while the prime numbers are divisible 
only by themselves and by 1. We can obviously consider the number 
T(n) of divisors of m as a function of the number 7 itself. For the first 
few numbers this function is given by the following table: 


n=1283456789 10 1 1 
Tn)=1 22324243 4 2 6 


4. A function of this type which is of great importance in the theory 
of numbers is 7(”), the number of primes which are less than the number 
n. Its detailed investigation is one of the most interesting and attractive 
problems in the theory of numbers. Here we merely mention 
the principal result of these investigations: the number x(n) is given 
approximately, for large values of n, by the function * n/logn, where by 
logn we mean the logarithm to the “ natural base” e, to be defined later 
(pp. 168, 174). 


Functions of an integral variable usually occur in the form 
of so-called sequences of numbers. By a sequence of numbers we 
understand an ordered array of infinitely many numbers a,, ap, 
Gg, .++5, Gn, ..., (not necessarily all different), determined by 
any law whatever. In other words, we are dealing simply with 
a function a of the integral variable n; the only difference is that 
we are using the index notation a, instead of the symbol a(n). 


EXAMPLES 
1. Prove that 13+ 224+ ...+%=(14+2+...+n)% 
2. From the formula for 1*+ 2?+...-+ n%, find a formula for 
12+ 32-4 674+ ...4 (Qn 4+ 1)%. 
3. Prove the following properties of the binomial coefficients: 


@ (,)= ee » (ksm. 0) (," i) + (:) = Cr ) (for k > 0). 


01 Q)+ Gene Gta C=" 


* That is, the quotient of the number a(n) by the number 2/logn differs 
arbitrarily little from 1, provided only that n is large enough. 
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4, Evaluate the following sums: 
(a) 124+ 2.34 ...+n(n+ 1). 


b. 4 1 
Dy ae Be es 
© ret+agt Tae 

3 5 2n+1 
©) feet ag te ta 1 


5. A sequence is called an arithmetic progression of the first order 
if the differences of successive terms are constant. It is called an arith- 
metic progression of the second order if the differences of successive terms 
form an arithmetic progression of the first order; and in general, it is 
called an arithmetic progression of order & if the differences of successive 
terms form an arithmetic progression of order (k — 1). 

The numbers 4, 6, 13, 27, 50, 84 are the first six terms of an arithmetic 
progression. What is its order? What is the eighth term? 


6. Prove that the n-th term of an arithmetic progression of the second 
order can be written in the form an* ++ dn +c, where a, b, © are inde- 
pendent of x, 

7.* Prove that the n-th term of an arithmetic progression of order k 
can be written in the form an* + bn®t4+....4 pn + gq, where 
a, b,..., p, ¢ are independent of n. 

Find the n-th term of the progression in Ex. 5. 


5. Taz Concert or THe Lim or a SEQUENCE 


The fundamental concept on which the whole of analysis 
ultimately rests is that of the limit of a sequence. We shall first 
make the position clear by considering some examples. 


1 
1. a, = a 
We consider the sequence 
1 1 1 
a,= 1, a= > A= greece an =F ry 


No number of this sequence is zero; but we see that the larger the number 
n is, the closer to zero is the number a,,. If, therefore, we mark off around 
the point 0 an interval as small as we please, then from a definite index 
onward all the numbers a, will fall in this interval. This state of affairs 
we express by saying that as m increases the numbers a,, tend to 0, or that 
they possess the limit 0, or that the sequence @,, dy, a3... converges to 0, 

If the numbers are represented as points on a line this means that the 
points 1/n crowd closer and closer to the point 0 as n increases, 
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The situation is similar in the case of the sequence 
i 1 (—) 


ry Age ~~ F200 A= ae0eee 


1 1, =—-, = . 
a a, as 4 A 


Here, too, the numbers a, tend to zero as n increases; the only difference 
is that the numbers a,, are sometimes greater and sometimes less than the 
limit 0; as we say, they oscillate about the limit. 


The convergence of the sequence to 0 is usually expressed 
symbolically by the equation 
lm a, = 90, 


n> oa 
or occasionally by the abbreviation 


a, > 0. 


In the preceding examples, the absolute value of the difference be- 
tween @,, and the limit steadily becomes smaller as 7 increases. This is not 
necessarily the case, as is shown by the sequence 

~ ch 1 _l _i _1 ee! : 
4 = > a= 1, a= = > 45 = & Me = greed 
that is, in general, for even values n= 2m, a, = Gom = 1/m, for odd 
values n = 2m — 1, dy = Ggn—1 = 1/2m. This sequence also has a limit, 
namely, zero; for every interval about the origin, no matter how 
small, will contain all the numbers a,, from a certain value of n onward; 
but it is not true that every number lies nearer to the limit zero than the 
preceding one. 


uw 
3. ag = ——- 
n+i 
We consider the sequence 
1 2 n 
4 = > Oy = greece See ee get 


where the integral index 7 takes all the values 1, 2,3,... . If we write 


a,=1 we see at once that as ~ increases the number a, will 


1 
n+1 
approach closer and closer to the number I, in the sense that if we mark 
off any interval about the point 1 all the numbers a, following a certain 
ay must fall in that interval. We write 
lim a,= 1. 
a> 2 
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oes nt—1 
on nttntl 
behaves in a similar way. This sequence also tends to a limit as n in- 
creases, to the limit 1, in fact; in symbols, lim @,= 1. We see this 
most readily if we write de ha 
wt2 
et+natl | 
here we need only show that the numbers 1, tend to 0 as m increases, 


Now for all values of greater than 2 we have n+ 2<2n and 
n? + "-+1>n*. Hence for the remainder T,, we have 


The sequence 


a,=1 l-—+r3 


Qn 2 
0<t% <= 2 (n> 2), 


from which we see at once that r, tends to 0 as n increases. Our discussion 
at the same time gives an estimate of the amount by which the number 
a, (for » > 2) can at most differ from the limit 1; this difference cer- 
tainly cannot exceed 2/n. 

The example just considered illustrates the fact, which we should 
naturally expect, that for large values of n the terms with the highest 
indices in the numerator and denominator of the fraction for a, pre- 
dominate and that they determine the limit. 


4. a,= YD. 
Let p be any fixed positive number. We consider the sequence a4, Gs, 
Gg, ++ 45 Ons «oe» Where 
a, = Vp. 


We assert that lim a, =lim ~/p=1 
n> ao n—>o 
We can prove this very easily by using a lemma which we shall find 
useful for other purposes also. 
If 1+ h ts a positive number (that is, if h > —1), and n ts an integer 
greater than 1, then 
(1+ hk)” > 1+ nh. oe ee ew (I) 


Let us suppose that the inequality (1) is already proved for a certain 
value m > 1; we multiply both sides by (1+ &) and obtain 
(1 + hye > (1 + mh) (1 + h) = 1+ (m+ Ih + mht. 


If, on the right, we omit the positive term mh? the inequality remains 
valid. We thus obtain 


(L+ hyett > 1+ (m+ Yh. 


This, however, is our inequality for the index m+ 1. It follows therefore 
that if the inequality holds for the index m it holds for the index m+ 1 
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also. Since it holds for m = 2, it holds also for m= 8, hence for m= 4, 
and so on; therefore it holds for every index. This is a simple example 
of a proof by mathematical induction, a type of proof which is often useful. 

Returning to our sequence, we distinguish between the case p > 1 
and the case p <1 (if p= 1, then A/p is also equal to 1 for every n, 
and our statement becomes trivial). 

If p> I, then 4/p will also be greater than 1; we put A/p =1+h,, 
where h,, is a positive quantity depending on m, and by the inequality (1) 
we have 

p=(1+h,)" > 14+ nhy 


from which it at once follows that 
p—l 
O< hy < ap 


We therefore see that as n increases the number h,, must tend to 0, which 
proves that the numbers a, converge to the limit 1, as stated. At the 
same time we have a means for estimating how close any a,, is to the limit 1; 
the difference between a,, and 1 is certainly not greater than (p — 1)/n. 

If p < 1, then a/ ‘p will likewise be less than 1 and therefore may be 
taken equal to 1/(1-+ 4,,), where h,, is a positive number. From this it 
follows, using the inequality (1), that 

1 1 


P= +h," ~1+mh,, 


(By making the denominator smaller we increase the fraction.) It follows 
that 


1 
1+ nh, < -, 
Pp 


—1 
22 


and therefore hy = 


From this we see that h,, tends to 0 as nm increases. As the reciprocal 
of a quantity tending to 1, “/p itself tends to 1. 


5. @, = a". 

We consider the sequence a, = «", where « is fixed and n runs through 
the sequence of positive integers. 

First, let « be a positive number less than 1. We may then put 
a=1/(1+ 4), where A is positive, and inequality (1) gives 

a, = < < : 
no (LAY TL nh © nl 

Since the number , and consequently 1/h, depends only on a, and does 
not change as 7 increases, we see that as 7 increases «” tends to 0: 


lim e&®=0 (0<a<1). 
sO 
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The same relationship holds when « is zero, or negative but greater than — 1. 
This is immediately obvious, since in any case lim | « |" = 0. 
n—>2 

If «= 1, then a" will obviously be always equal to 1, and we shall 
have to regard the number 1 as the limit of «”. 

If « > 1, we put « = 1+ h, where h is positive, and at once see from 
our inequality that as increases a" does not tend to any definite limit, 
but increases beyond all bounds. We express this state of affairs by saying 
that «” tends to infinity as n increases, or that a” becomes infinite; in 
symbols, 

lim ao" = (a > 1). 
n> @ 


Nevertheless, as we must explicitly emphasize, the symbol © does not 
denote a number with which we can calculate as with any other number; 
equations or statements which express that a quantity is or becomes 
infinite never have the same sense as an equation between definite quanti- 
ties. In spite of this, such modes of expression and the use of the symbol 
© are extremely convenient, as we shall often see in the following pages. 

If « = —1, the values of «” will not tend to any limit, but as n runs 
through the sequence of positive integers it will take the values +-1 and —1 
alternately. Similarly, if « < —1 the value of «” will increase numerically 
beyond all bounds, but its sign will be alternately positive and negative. 


y 


6. Geometrical Illustration of 
the Limits of a” and 7/P. 

If we consider the curves y = x" 
and y=aln—-~/z and restrict 
ourselves for the sake of con- 
venience to non-negative values of 
x, the preceding limits are illus- 
trated by figs. 16 and 17 respec- 
tively. In the case of the curves 
y = 2 we see that in the interval 
from 0 to 1 they approach closer 
and oloser to the z-axis as n in- 
creases, while outside that interval 
they climb more and more steeply 
and draw in closer and closer to a 
line parallel to the y-axis. All the 
curves pass through the point with 
co-ordinates z=1, y=1 and 
through the origin. 

In the case of the functions y= #1/" = +2, the curves approach 
closer and closer to the line parallel to the z-axis and at a distance 1 above 
it. On the other hand, all the curves must pass through the origin. Hence 
in the limit the curves approach the broken line consisting of the part of 


Fig. 16.—2* as n increases 
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the y-axis between the points y= 0 and y= 1 and of the parallel to 
the z-axis y= 1. Moreover, it is clear that the two figures are closely 
related, as one would expect from the fact that the functions y= </% 
are actually the inverse functions of the n-th powers, from which we infer 
that each figure is transformed into the other on reflection in the line 
y=u 

y 


Fig. 17.—x! as n increases 


7. The Geometric Series. 


An example of a limit which is more or less familiar from elementary 
mathematics is the geometric series 


l+q+@+...¢q'=S8,; 


the number q is called the common ratio of the series. The value of this 
sum may, as is well known, be expressed in the form 


provided that q=+ 1; we can derive this expression by multiplying the 
sum S,, by q and subtracting the equation thus obtained from the original 
equation, or we may verify the formula by division. 


The question now arises, what happens to the sum S,, when n increases 
indefinitely? The answer is this: the sum S,, has a definite limit § if 
q lies between —1 and +1, these end values being excluded, and it is 
then true that 

1 
S= lim S,= —. 
n—>o@ - 1— q 


In order to verify this statement we write the numbers S, in the form 


S, = To3 = io iS We have already shown that provided 
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i 
1-q 
hence with the above assumption the number S, tends, as was stated, 


[a] <1 the quantity 9", and with it ; tends to 0 as increases; 


to the limit ix as 7 increases, 


The passage to the limit lim (l+q+g@+...+q>4)= i-4q is 
n> © = 

usually expressed by saying that when |q| < 1 the geometric series can 

be extended to infinity and that the sum of the infinite geometric series 


ts the expression i 


The sums S,, of the finite geometric series are also called the partial 
sums of the infinite geometric series 1+ q-+ g?+... . (We must draw 
a sharp distinction between the sequence of numbers S,, Sg, . ++ Sys +++ 
and the geometric series.) 

The fact that the partial sums 9, of the geometric series tend to the 
limit S = i as ” increases may also be expressed by saying that the 


1 
infinite geometric series 1 + ¢ + g?-+ ... converges to the sum S = i= 
when | q| <1. —# 


& a,= Vn. 
We shall show that the sequence of numbers 
Q=1, a= V2, a= V3, 220, tr= Vm cee 
tends to 1 as n increases, i.e. that 
lim VYna=1. 
n—->@ 
Here we make use of a slight artifice. Instead of the sequence a, = Vn 


we first consider the sequence b, = Va, = V¥/n=VVn. When n>1 
the term 6, is also greater than 1. We can therefore put 6, = 1-+ hy» 
where h, is positive and depends on n. By inequality (1), p. 31, we 
therefore have 


Vn = (6,)" = (1+ h,)" 21+ nh,, 


Vn—1 1 
so that geet oe 
n n Vn 
We now have 
2 1 
1 Say = by = 1+ hg t+ hy? SI+ To +=. 


The right-hand side of this inequality obviously tends to 1, and therefore 
so does ay. 
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9. a@,=VnN+1— Vn. 


We assert that lim (Vn+1—vVn)=0, 
n—>o 
To prove this we need only write the expression under discussion in the 
form 


Vee vnnVREIA Vey (VFI tv) 
Va+tltivna Vna+tlivn 


we see at once that this expression tends to 0 as » increases, 


10. @, = 2. 
a 


Let « be a number greater than 1. We assert that as » increases the 


n 
sequence of numbers a, = = tends to the limit 0. 


As in the case of 4/n above we consider the sequence 
vn 
Van_ = (Var . 
We put Va=1-+h. Hereh > 0, since « and hence V « is greater than 1. 
By inequality (1), p. 31, we have 
Vat = (14h) > 1+ mh, 


_ vn Vn Vn 1 
so that Von= Gay Sa mh So iva 
Hence % Soe 


Since a, is positive and the right-hand side of this equation tends to 0. 
we see that a, must also tend to 0. 


EXAMPLES 
3 _ 
1. Prove that lim ™ + "—!_1 pina an such that for «> NV 
aes SFT 3 
vrtin—l 


the difference between and ; is (a) less than 75, (b) less than 


38n? +1 
Toss: (c) less than zgad000- 


2. Find the limits of the following expressions as n —> 0; 
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(2) n+ 3n+1 (b) né4+ 3n41 
ne + In? + 2° n?+ Int +2 
(c) 6n? + 2n+ 1 (a) wom + ant+... pa, 
w+nt ~ bon® + bnF2 +. + 
Sis 
k= 
Bam 
3. Prove that lim As = 1, 
n> 2 
4, Prove that lim ” = 0. Find anN such that = — n< ——— whenever 
n>N. n—> 0 27 aes 


5. Find numbers N,, N,, N; such that: 
(a) 5 < 3 for everyn > Ny; 
1 
zs < 106 every n > N, 
©) a ed <a for every n > N3. 
6. Do the same thing “ the sequence a, = Vn + 1— Vn. 


7. Prove that lim (Va-+1— Vn)(Vn-+ 4) = 4. 


a—>o 
8. Prove that lim (4/n-++ 1 — y/n) = 0. 
n—> © 
9. Let a, = - (a) To what limit does a, converge? (b) Is the 


sequence monotonic? (c) Is it monotonic from a certain » onwards? 
(d) Give an estimate of the difference between a, and the limit, (e) From 
what value of n onwards is this difference leas than z45? 


10. Prove that lim m =0. 


n—>on 
1l. Prove that lim (G+ eae a r 
—>o n n 2 
12, Prove that lim at . ok cn) =0. 
n—>o + a+) +- pt ace 
1 1 
13. Prove that lim oe Sia i = ©, 
a>oNVn Vn+1 Vv 2n 


14.* Prove that 
1 
Im (-—= + ——— She Vaz) =], 
nae Vatit varpet TS Sitet 
15. Prove that if a and b <a are positive, the sequence x/a" +o" uo 
converges to a. Similarly, for any k fixed positive numbers a), de... , dy 
prove that ~/a," + a," -+...+ a,” converges, and find its limit. 
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16. Prove that the sequence V2, V2V/2, V/ 2/272, «+. converges. 
Find its limit. 

17.* If v(n) is the number of distinct prime factors of n, prove that 
ig MO) ee, 


n> o 
6. Furraer Discussion oF THE Concept oF Limit 


1. First Definition of Convergence. 


From the cases discussed in the last section we are led to 
form the following general concept of limit: 

Lf an infinite sequence of numbers a, a, Mg,.--5 Bg, --- 18 
given and tf there is a number . such that every interval, no matter 
how small, marked off about the point 1 contains all the points a, 
except for a finite number at most, we say that the number | is the 
limit of the sequence a, &,..., or that the sequence a, a, .. 
converges tol: in symbols, lim a,=1. Here we expressly remark 


n> @ 
that this includes the trivial case in which all the numbers a, 
are equal to one another and hence also coincide with the limit. 

Instead of the above we may use the following equivalent 
statement: 

If any positive number « be assigned—no matter how small— 
a whole number N = N(e) can be found such that from the index 
N onward (i.e. for n> N(e)) tt is always true that | a, —1] 
<e. Of course it is as a rule true that the bound Me) will 
have to be chosen larger and larger as smaller and smaller 
values of ¢ are chosen; in other words, M(e) will increase 
beyond all bounds as e tends to 0. 

It is important to remember that every convergent sequence 
ts bounded; that is, to every sequence a, da, a3,... for which 
a limit 1 exists there corresponds a positive number M, inde- 
pendent of n, such that for all the terms a, of the sequence the 
inequality | a,| < M is valid. 

This theorem readily follows from our definition. We choose 
« equal to 1; then there is an index N such that for » > N it is 
true that |a,—1|<1. Amongst the numbers 


Cee eee ee 
let A be the largest. We can then put M=(|1|4+4+1 For 
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by the definition of A the inequality |@,—1|< A+ 1 cer 
tainly holds for n= 1, 2,..., N, while forn> WN 


ja, -—l|< 1S A41 


A sequence which does not converge is said to be divergent. 
If as nm increases the numbers a, increase beyond all bounds 
we say that the sequence diverges to +0, and, as we have 
already done occasionally, we write lim a, =. Similarly, we 


n> @o 
write lim a, = —o if as nm increases the numbers —a,, increase 


n—> © 

beyond all bounds in the positive direction. But divergence 
may manifest itself in other ways, as, for example, in the case of 
the sequence a,=~—1, a,=+1, a,=—l, =+1, ..., 
whose terms swing to and fro between two different values.* 

In all the examples given above it has happened that 
the limit of the sequence considered is a known number. If 
the concept of limit yielded nothing more than the recognition 
that certain known numbers can be approximated to as closely 
as we like by certain sequences of other known numbers, we 
should have gained very little from it. The fruitfulness of the 
concept of limit in analysis rests essentially on the fact that 
limits of sequences of known numbers provide a means of dealing 
with other numbers which are not directly known or expressible. 

The whole of higher analysis consists of a succession of ex- 
amples of this fact, which will become steadily clearer to us in the 
following chapters. The representation of the irrational numbers 
as limits of rational numbers may be regarded as a first example. 
In this section we shall become acquainted with further ex- 
amples. Before we take up this subject, however, we shall 
make a few preliminary general remarks. 


2. Second (Intrinsic) Definition of Convergence. 


How can we tell that a given sequence of numbers a, do, 
G3,..-,G,,... converges to a limit, even when we do not know 
beforehand what that limit is? This important question is an- 
swered for us by Cauchy’s convergence test.t 


* Another useful remark: the behaviour of a sequence as regards conver- 
gence is unaltered if we omit a finite number of the terms a,. In what follows 
we shall frequently make use of this, speaking of the convergence or divergence 
of series in which the term a, is undefined for a finite number of values of n. 

t Sometimes referred to as the general principle of convergence. 
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We say that a sequence of numbers ay, d,..., @,,.-. i8 
intrinsically convergent if to every arbitrarily small positive 
number ¢ there corresponds a number N = M(e), usually de- 
pending on «, such that | a, — am |<, provided that n and m 
are both at least equal to N(«). Cauchy’s convergence test can 
then be expressed as follows: 

Every intrinsically convergent sequence of numbers possesses 
a limit. 

The importance of Cauchy’s test lies in the fact that it allows 
us to speak of the limit of a sequence after considering the se- 
quence itself, without any further information about the limit. 

The converse of Cauchy’s test is very easy to prove. For 
if the sequence a,, a, ... tends to the limit J, then by the 
definition of convergence we have 


[1—a,| <5 and [tan] <5, 


where € is a positive quantity as small as we please, provided 
only that m and n are both large enough; therefore 


| aq — Om {=| (L— am) — (U— an) | S|b— ay, | +] t—a,|<e. 


Since ¢ can be chosen as small as we please, this inequality ex- 
presses our statement. 

Cauchy’s test itself becomes intuitively obvious if we think 
of the numbers as represented on the number axis. It then states — 
that a sequence certainly has a limit if after a certain point NV 
all the terms of the sequence are restricted to an interval 
which can be made arbitrarily small by choosing N large enough. 

In the appendix we shall show how Cauchy’s test can be 
proved by purely analytical methods. For the time being we 
accept it as a postulate. 


3. Monotonic Sequences. 


The question whether a given sequence converges to a limit 
is particularly easy to answer when the sequence is a so-called 
monotonic sequence; that is, if either every number of the sequence 
is larger than the preceding number (monotonic increasing se- 
quence) or else every number is smaller than the preceding 
number (monotonic decreasing sequence). We have the following 
theorem: 
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Every monotonic increasing sequence whose terms are bounded 
above (that is, lie below a fixed number) possesses a limit; simi- 
larly, every monotonic decreasing sequence whose terms never fall 
below a certain fixed bound possesses a limit. For the present 
we shall regard these results as obvious, merely referring the 
student to the rigorous proof in the appendix (p. 61). A con- 
vergent monotonic increasing sequence must, of course, tend 
to a limit which is greater than any term of the sequence, while 
in the case of a convergent monotonic decreasing sequence the 
numbers tend to a limit which is smaller than any number of the 
sequence. Thus, for example, the numbers 1/n form a mono- 
tonic decreasing sequence with the limit 0, while the numbers 
1 — 1/n form a monotonic increasing sequence with the limit 1. 

In many cases it is convenient to replace the condition 
that a sequence shall increase monotonically by the weaker 
condition that the terms of the sequence shall never decrease; 
in other words, to allow successive terms of the sequence to 
be equal to one another. We then speak of a monotonic non- 
decreasing sequence, or of a monotonic increasing sequence in the 
wider sense. Our theorem on limits remains true for such 
sequences, and also for sequences which are monotonic non- 
increasing or monotonic decreasing in the wider sense. 


4. Operations with Limits. 


We conclude with a remark concerning calculations with 
limits. From the definition of limit it follows almost at once 
that we can perform the elementary operations of addition, 
multiplication, subtraction, and division according to the follow- 
ing rules: 

Tf a, a, . . . is a sequence with the limit a and },, by, ... is 
a sequence with the limit 6, then the sequence of numbers 
Cn = A, + 5,, also has a limit, and 


lme,=a+6. 
n—>@ 


The sequence of numbers c, = a,b, likewise converges, and 


lim c, = ab. 
n—> oo 


Similarly, the sequence c, = a, — 6, converges, and 


lime,=a—b. 
n> o 
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Provided the limit 6 differs from 0, the numbers c, = a also 


converge, and have the limit * 
lim o, =? 
n—> 2 on b 


In words: we can interchange the rational operations of calcu- 
lation with the process of forming the limit; that is, we obtain 
the same result whether we first perform a passage to the limit 
and then a rational operation or vice versa. 

For the proof of these simple rules it is sufficient to give one 
example; using this for a model, the reader can establish the 
other statements for himself. We consider e.g. the multipli- 
cation of limits. The relations a, ->a and b,,—> b amount to 
the following: if we choose any positive number e«, we need 
only take m greater than N, where N = N(e) is a sufficiently 
large number depending on e, in order to have both 


|a—a,|<e and |[b—b,|<e. 


If we write ab — a,b, = b(a — a,) + a,(b — 6,) and recall that 
there is a positive bound M, independent of n, such that|a,|<M, 
we obtain 


| ab — a,b,|<|b|]a—a,| +] a,||b—d,|<(|b]+ We. 


Since the quantity (| b|-+ M)e can be made arbitrarily small 
by choosing € small enough, we see that the difference between 
ab and a,b, actually becomes as small as we please for all suffi- 
ciently large values of n, which is precisely the statement made 
in the equation 


ab = lim a,b,,. 
n—>o 


By means of these rules many limits can be evaluated very easily; 
for example, we have 


lim Leas li = 

> = COudtllrlo CS 
>enr+n+ 1 oo 1 1 
® +n+ a—> l4+-+5 


= 1, 


since in the second expression the passages to the limit in numerator and 
denominator can be made directly. 

Another simple and obvious rule is worth stating. If 
lim a, = a and lim b, = b, and tf in addition a, > b, for every n, 
then a = b. However, we are by no means entitled to expect 
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that in general a will be greater than 6b, as is shown by the 
case of the sequences a, = 1/n, b, == 1/2n, for which a= 0 = 5 


5. The Number e. 

As a first example of the generation of a number, which can- 
not be stated in advance, as the limit of a sequence of known 
numbers, we consider the sums 

1,1 1 
=] = = eee — 
Stag apy ay 
We assert that as n increases these numbers S,, tend to a definite 
limit. 

In order to prove the existence of the limit we observe that 

as n increases the numbers S,, increase monotonically. For all 


values of n we also have i 1 
Lt ~~ Bn 
8 Sl+l+s¢ot...¢.¢ 214 "<3 
3° 3 get il 
2 


The numbers S, therefore have the upper bound 3 and, being 
a monotonic increasing sequence, they possess a limit, which we 
denote by e: 
e = lim S,,. 
n~> 0 
Further, we assert that the number e defined as the above 
limit is also the limit of the sequence 


T.=(1+2)" 
n, 
The proof is simple and at the same time an instructive 


example of operations with limits. According to the binomial 
theorem, which we shall here assume, 


t,=(1+2)" 


a. Sigg ee») 24 um V(n—2)...1 1 
n 20 on nt n” 


=14145(1—}) +... 


+0) 0-2-2) 
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From this we see at once (1) that 7, <S,, and (2) that the 
T,’s also form a monotonic increasing sequence,* whence the 
existence of the limit lim 7,, = T follows. In order to prove that 


n—>o 
T = e, we observe that 


pi Wot) i i i 
2! m n! ™, m 


provided that m > n. If we now keep n fixed and let m increase 
beyond all bounds, we obtain on the left the number 7 and on 
the right the expression S,, so that T = S,. We have thus estab- 
lished the relationship 7 => S, = T,, for every value of n. We 
can now let n increase, so that 7’, tends to 7; from the double 
inequality it follows that T= lim S,—e. This was the state- 
ment to be proved. omy 

We shall later (Chapter ITI, § 6, p. 172) reach this number e 
again from still another point of view. 


6. The Number 7 as a Limit. 


A limiting process which in essence goes back to classical 
antiquity (Archimedes) is that by which the number 7 is defined. 
Geometrically z means the area of the circle of radius 1. We 
therefore accept the existence of this number 7 as intuitive, 
regarding it as obvious that this area can be expressed by a 
(rational or irrational) number, which we then simply denote 
by a. However, this definition is not of much help to us if we 
wish to calculate the number with any accuracy. We have then 
no choice but to represent the number by means of a limiting 
process, namely, as the limit of a sequence of known and 
easily calculated numbers. Archimedes himself used this process 
in his method of exhaustions, where he steadily approximated 
to the circle by means of regular polygons with an increasing 
number of sides fitting it more and more closely. If we denote 
the area of the regular m-gon (polygon of m sides) inscribed in 


* We obtain 7,41 from 7, by replacing the factors 1 — I/n, 1 — 2/n,... 


by the larger factors 1 — .. and finally adding a positive 
term. ” 


i eral 


rt] FURTHER DISCUSSION OF LIMITS 45 


the circle by f,,, the area of the inscribed 2m-gon is given by the 
formula (proved by elementary geometry) 


fon = 5 2—2q/1— (22): 


We now let m run, not through the sequence of all positive integers, 
but through the sequence of powers of 2, that is, m= 2"; in 
other words, we form those regular polygons whose vertices are 
obtained by repeated bisection of the circumference, The area 
of the circle is then given by the limit 

w= lim fp. 


n—>@ 

This representation of 7 as a limit actually serves as a basis for numeri- 
cal computations; for, starting with the value St, = 2, we can calculate 
in order the terms of our sequence tending to 7. An estimate of the ac- 
curacy with which any term f,» represents 7 can be obtained by construct- 
ing the lines touching the circle and parallel to the sides of the inscribed 
2"-gon. These lines form a circumscribed polygon similar to the inscribed 


2"-gon, and having dimensions greater in the ratio 1: cos = Hence 
the area F,» of the circumscribed polygon is given by 2 


i = (cos ea) 


Since the area of the circumscribed polygon is evidently greater than that 
of the circle, we have 


Son <we Py = 
008 om 
These are matters with which the reader will be more or less 
familiar. What we wish to point out here is that the calculation 
of areas by means of exhaustion by rectilinear figures whose 
areas can be calculated easily forms the basis for the concept of 
integral, which will be introduced in the next chapter (p. 76). 


EXamriss 


1.* (a) Replace the statement “the sequence a, is not absolutely 
bounded” by an equivalent statement not involving any form of the 
words “ bounded ” or “ unbounded ”. 

(5) Replace the statement “the sequence a, is divergent” by an 
equivalent statement not involving any form of the words “ convergent ” 
or “ divergent ’’. 
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2.* Let a, and b, be any two positive numbers, and let a, < 5,. Let a, 
and bg be defined by the equations 


soa a+ 6 
a= Vad, b= a 

Pay aye ay + by 
Similarly, let ag= Vaeb, b3= 3? 


Ana + by-a 
° 


and in general 4, = Va,-yb,-4 0, = - 


Prove (a) that the sequence a,, a,,..., converges, (b) that the sequence 
by, by... , converges, (c) that the two sequences have the same limit. 
(This limit is called the arithmetic-geometric mean of a, and by.) 


8.* Prove that if lim a, = &, then lim a, = &, where a,, is the arith- 
n—>o a> 
metic mean (a, + d+ ...-+ @,)/n. 


4. If lim a, = & show that the arithmetic means of the arithmetic 


n—> 


means o, tend towards §. 
8. Find the error involved in using 8, = 1+ = rae < as an 


approximation to e. Calculate e accurately to 5 decimal places. 


7. Tar Concept or Limit WHERE THE VARIABLE 
Is CoNTINUOUS 


Hitherto we have considered limits of sequences, that is, of 
functions of an integral variable n. The notion of limit, however, 
frequently occurs in connexion with the concepts of a continuous 
variable x and of a function f(z). 

We say that the value of the function f(x) tends to a limit 
1 as x tends to €, or in symbols 

lim f(z) = 1, 

w>et 
if all values of the function f(x) for which « lies near enough to 
é differ arbitrarily little from 1. Expressed more precisely, the 
condition is as follows: 

If an arbitrarily small positive quantity « is assigned, we can 
mark off about & an interval | x — &| <8 so small that for every 
point x in this interval different from §€ itself the inequality 
| (x) —l |< holds. 

Here we expressly exclude the equality of x and €. This is 
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done purely for reasons of expediency, so as to have the definition 
in a form more convenient for application, e.g. in the case where 

' the function f(z) is undefined at the point £, although it is defined 
for all other points in a neighbourhood (p. 159) of é. 

If our function is defined or considered in a given interval 
only, eg. V1— 2 in —1¢ 231, we shall restrict the 
values of x to this interval. Thus if € denotes an end-point 
of the interval, x is made to approach € by values on one side 
of € only (limit from the interior of the interval or one-sided 
limit). 

As an immediate consequence of this definition, we have the 
following fact: if lim (x)= 1, and a, %, 2g,..., Ln. 038 a 

> 


> § 
sequence of numbers all different from ¢ but approaching é 
as a limit, then lim f(z,) = 1. 


n—> 
For let ¢ be any positive number; we wish to show that for 
all values of n greater than a certain m, the inequality 


| f(%n) —I| <e 


holds. By definition, there exists a §> 0 such that whenever 
|— €| <8 the inequality 


If(e)—I] <e 


is true. Since 2, > &, the relation | %,—€] <8 is satisfied 
for all sufficiently large values of n; and for such values it follows 
that | f (%,) — | <<, as was to be proved. 


We shall now attempt to clarify this abstract definition by means of 
simple examples. Let us first consider the function 


sin & 
f(z) = “ee 


defined for z +0. We state that 


We cannot prove this statement simply by carrying out the passage to 
the limit in numerator and denominator separately, for the numerator 
and denominator vanish when x = 0, and the symbol 0/0 has no meaning. 
We arrive at the proof in the following way. 
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From fig. 18 we find by comparing the areas of the triangles OAB and 
OAC and the sector OAB that if 0 < # < 7/2 


sina <2 < tan2z. 


From this it follows that if 0 < |2| < 7/2, 


x 1 
1 <s— 5: 
sinz  cos% 
Cc : 
B Hence the quotient sin* ties between the 
x 


numbers 1 and cosz. We know that cos z 
tends to 1 as x 0, and from this it follows 


tan x 


that the quotient can differ only arbit- 
x 


rarily little from 1, provided that x is near 
enough to 0. This is exactly what is meant by 
the equation which was to be proved. 

From the result just proved it follows that 


v7) A 
Fig. 18 


tan i 
ea ee i i 
s—>0 x z—>0 © «->0 COs z 
and also ii oo ee 
2—>0 od 


This last follows from the formula, valid for 0 < | z| < 3 


1—cosz (1 — cosz)(1+ cosz) 1 — cos*z 
“ a(1 + cos x) ~ #(1 + cos 2) 
sin % 1 


sin 2. 


z ‘l+cosa’ 


As x > 0 the first factor on the right tends to 1, the second to 4 and the 
third to 0; the product therefore tends to 0, as was stated. 
From the same formula, dividing by 2, we obtain 


1— cost sin 2\? 1 

we  \a@/ 1+cosx 
whence lim ee = 2 
zs—>0 Fv 2 


Finally, let us consider the function Vz’, defined for all values of x. 
This function is never negative; it is equal to x for z 20 and to —z for 
z <0. In other words, Vz?=|2|. Consequently the function V2?/x, 
which is defined for all non-zero values of z, has the value +1 when 
2 > OQand —1 when <0. It is therefore impossible for the limit 
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lim V'2?/2 to exist, since arbitrarily near to 0 we can find values of z 


£ 0 
for. which the quotient is +1 and other values for which it is —1. 

In concluding this discussion on limits in connexion with continuous 
variables we remark that it is of course possible to consider limiting pro- 
cesses in which the continuous variable x increases beyond all bounds. 
For example, the meaning of the equation 


is clear without further discussion. It signifies that the function on the 
left differs arbitrarily little from 1, provided only that x is sufficiently large. 


In these examples we have proceeded as if operations with 
limits obeyed the same laws in the case of continuous variables 
as in the case of sequences. That this is actually true the reader 
can verify for himself; the proofs are essentially the same as for 
limits of sequences. 


ExamMpyis 


I. Find the following limits, giving at each step the theorem on limits 
which justifies it: 


. wit IWwe—1 
lim 32. im —_——_. 
(a) pare - ) pe 2a + 2 
(6) lim 4x + 3. (d) lim V5 + 1225. 
t—>3 st—>2? 
2. Prove that 
i in (a? 
ay ie ae ap te a, ey ey 
z—>1 z—l z—->a1 T— 2 z—>0 x 


3. Find whether or not the following limits exist, and if they do exist 
find their values: 
Vv1—~ V1l+2 I+a—Vi—2 
(a) lim iby. Na PE lay tam 
2—>0 x z~>0 x z—>0 x 


8. Tue Concert or ContTINUITY 
1. Definitions, 
We have already illustrated the notion of continuity in § 2 
(p. 19) by means of examples. Now, with the help of the idea 
of a limit, we are in a position to make the concept of continuity 


precise. 
a (2798) 
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We thought of the graph of a function which is continuous in an 
interval as a curve consisting of one unbroken piece; we also stated 
that the change in the function y must remain arbitrarily small 
provided only that the change of the independent variable x 
is restricted to a sufficiently small interval. This state of 
affairs is usually formulated as follows, with greater prolixity 
but increased precision. A function f(z) is said to be continuous 
at the point ¢ if it possesses the following property: at the point 
é the value of the function f(£) is approximated to within an 
arbitrary pre-assigned degree of accuracy ¢ by all functional 
values f(x) for which 2 is 
near enough to &. In other 
words, f(x) is continuous 
at € if for every positive 
number e, no matter how 
small, there can be de- 
termined another positive 
number §= de) such 
that | fla)—fi@|<e 
(cf. fig. 19) for all points 
a for which | «— é| <5. 
Or again: the condition of continuity requires that for the 
point € the limit equation 


pad (2) = f(€) 


shall be true. The value of the function at the point ¢ is the 
same as the limit of the functional values f(z,) for any arbitrary 
sequence 2, of numbers converging to é. 

It is important to observe that our condition involves two 
different things: (1) the existence of the limit lim f(z), and 


x—>e 

(2) the coincidence of this limit with f(£), the value of the 
function at the point é. 

Having now defined continuity of a function f(x) at a point é, 
we proceed to state what we mean by the continuity of a 
Junction f(x) in an interval. This may be defined simply 
in the following way: the function f(z) is continuous in an 
interval if it is continuous at each point of that interval. 
Stated fully, this requires that if a positive number e be 
assigned, then for each point x of the interval there is a 
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positive number 8, depending as a rule on ¢ and on 2, such that 
If(@)—f@)|<e if |@-2| <8, 


and @ lies in the interval a < Z <b. 

Closely related to this is another concept, that of uniform 
continuity. The function f(z) is uniformly continuous in the 
interval aSz<b if for every positive number « there is a 
corresponding positive number 6 such that for every pair of 
points 2, 2 in the interval whose distance apart, | 2, — x, |, is 
less than 8 the inequality | f(x,) — f(#,) | <€ holds. This differs 
from the definition stated above in that the 8 in the definition 
of uniform continuity does not depend on 2, but is equally effec- 
tive for all values of a—hence the name uniform continuity. 

It is quite obvious that a uniformly continuous function is 
necessarily continuous. Conversely, it can be shown that every 
function f(z) which is continuous in a closed interval a <2 <b 
is also uniformly continuous. The proof of this we leave for the 
appendix (p. 64). Even though the reader may not desire to read 
the proof at present he will find it helpful to study the examples 
given at the beginning of Appendix I, § 2, No. 2 (p. 65). But 
until the student has worked through this proof he may assume 
that whenever a function is said to be continuous in a closed 
interval uniform continuity is meant. 


2. Points of Discontinuity. 


We can understand the concept of continuity better if we 
study its opposite, the concept of discontinuity. The simplest 
type of discontinuity occurs at those points at which the function 
makes a jump; that is, at which the function has a definite 
limit as x tends to the point from the right and a definite limit 
as x tends to the point from the left, but these two limits are 
different. Whether or how the function is defined at the point 
of discontinuity itself does not matter. 


For example, the function f(x) defined by the equations 
f(z) = 0 for 2° >1, f(x)=1 for <1, f(z)=4} for 2@=1 


has discontinuities at the points E=1 and &=—1. The limits on 
approaching these points from the right and from the left differ by 1, and 
the values of the function at these points agree with neither limit, but 
are equal to the arithmetic mean of the two limits. 
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It may be noted in passing that our function can be represented, using 
the idea of a limit, by the expression 


ha amare 


For, if 2? < 1, that is, if 2 lies in the interval —1 < x < 1, the numbers 
2 will have the limit 0, and the function will have the value 1. If, how- 


y 


Fig. 20 


ever, x? > 1, as increases 2” will increase beyond all bounds; our function 
will then have the value 0. Finally for 2? = 1, that is, for «= +] and 
z= —1, the value of the function is plainly 4 (cf. fig. 20). 

Other curves with jumps are sketched in figs. 2la and 21); they 
represent functions having obvious discontinuities. 

In the case of discontinuities of this kind the limit from the right and 
the limit from the left both exist. We now pass on to the consideration 
of discontinuities in which this is not the case. The most important of 
such discontinuities are the infinite discontinuities or tnfinities. These 


y 
0 x 
(0) x 


Fig. 21a Fig. 216 


are discontinuities such as are exhibited by the functions 1/x or 1/2? at 
the point § = 0; as z-> & the absolute value | f(x) | of the function in- 
creases beyond all bounds. In the case of 1/2 the function increases 
numerically beyond all bounds through positive and through nega- 
tive values respectively as 2 approaches the origin from the right and 
from the left. On the other hand, the function 1/z* has for «= 0 an 
infinite discontinuity at which the value of the function becomes posi- 
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tively infinite from both sides (cf. fig. 6, p. 18, and fig. 12, p. 22). The 
1 

function y = ZT Shown im fig. 22, has infinite discontinuities both at 
ae 

w= land atz=-—l. 

Finally, we shall illustrate by an example another type of discon- 
tinuity in which no limit from the right or from the left exists. We con- 
sider the function 1 
== sin z 


defined for all non-zero values of x This function takes all values 


¥ 


Fig. 22.—Function with infinite Fig. 23.—Oscillating function with 
discontinuities discontinuity 


between —1 and +1 when the number 1/z runs through the values from 
(2n — 4) to (2n + 3)z, no matter what value the integer m has. At the 


points z = Gps the function will have the value —1, at the points 
= 7 
= aaa it will have the value +1. From this we see that the func- 
7 


tion swings backwards and forwards more and more rapidly between the 
values +1 and —1 as 2 approaches nearer and nearer to the point x= 0, 
and that in the immediate neighbourhood of the point z = 0 an infinite 
number of such oscillations occur (cf. fig. 23). 

It is interesting to observe that in contrast to the above example the 
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function y= sin 1/2 (cf. fig. 24) remains continuous at the point «= 0 if 
we assign to it the value 0 at that point. This continuity is due to the 
fact that as the origin is approached the factor z damps the oscillations of 
the sine. Yet in the neighbourhood of the origin the function y= 2 sin 1 /x 
does not change from monotonic increasing to monotonic decreasing a 
finite number of times. On the contrary, it oscillates backwards and 
forwards an infinite number of times, the magnitude of these oscillations 
becoming as small as we please as the origin is approached. This example 
shows us that even the simple idea of continuity permits of all sorta of 
remarkable possibilities foreign to 
our naive intuitions. 


¥ 
A%. sus There is one important fact 
which must be taken into 
consideration if we are to give 
our ideas greater precision. 
It may happen that at a certain 
point a function is not defined 
by the original law, as for 
%, example at the point = 0 in 
the last two examples dis- 
cussed. We have then the right 
to extend the definition of the 
function by assigning to it any 
desired value at such a point. 
Fig. 24.—Continuous oscillating function In the last example, however, 
we can extend the definition 
in such a way that the function remains continuous at that 
point also, namely, by putting y=0 when a=0. This can 
be done whenever the limits from the left and from the right 
both exist and are equal to one another; then we need only 
make the value of the function at the point in question equal to 
these limits in order to make the function continuous there. In 
the case of the function y = sin1/x this is not possible. 


3. Theorems on Continuous Functions. 


In conclusion we quote the following important general 
theorems, whose proofs follow immediately from the remarks on 
operations with limits (p. 41): 

The sum, difference, and product of two continuous functions are 
themselves continuous. The quotient of two continuous functions is 
continuous at every point at which the denominator does not vanish. 
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In particular, it follows that all polynomials and all rational 
functions are continuous except at the points where the denomi- 
nator vanishes. The fact that the other elementary functions, 
such as the trigonometric functions, are continuous will follow 
naturally from later considerations (cf. pp. 69, 97). 


Examr.es 
1. Prove that - sin | 
lim ——* — 0, 
s—>o Sinz 
2. Prove that 
. Sin (% — a) 1 a -+- cose 
li —_—_—_———= 2s i = H 
(2) nee at a2 20” (6) a Zz + 1 1 


(c) lim cosl/e=1. 
t—>o 


3. (a) Let f(x) be defined by the equation y = 6x. Find a 8, depend- 
ing on & so small that | f(z) — f(&) | < « whenever | «— &| <8, where 
(1) e= ¥os (2) = zhos (3) © = ache. 


Do the same for (6) f(x) = a* — 22; 
(c) f(z) = 304 ++ a2 — 7; 
(@) f(z) = V2,2=0; 
(e) f(x) = Vx, 


4. (a) Let f(x) = 6x in the interval OS z<10. Find a 8 80 small 
that | f(x.) — f(x,)| << whenever | z,—2,| <8, where (1) «= szt5; 
(2) ¢ is arbitrary, > 0. 

Do the same for (6) f(z) = 2* — 27, ~1< 21; 

(c) f(z) = 344+ PF —7,252054; 
(2) f(z) = Vz,0S254; 
() fiz) = V2,-25252, 


5. Determine which of the following functions are continuous. For 
those which are discontinuous, find the points of discontinuity. 


(a) a* sing, (e) + 8a 4 é (i) id 

(8) x sin®(2%). ee an 

(f) + 324+ 7 (j) cota. 

(c) 1 nm, we — 6x +9 (2) 1 

« @ Btset+7 cosa 
sina xt — 6x +10 () x cota. 


@ Ve (A) tanz. (m) (x — 2x) tanz. 
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Appendix I to Chapter I 
PRELIMINARY REMARKS 


In Greek mathematics we find an extensive working-out of 
the principle that all theorems are to be proved in a logically 
coherent way by reducing them to a system of axioms, as few 
in number as possible and not themselves to be proved. This 
axiomatic method of presentation, which at the same time served 
as a test for the accuracy of the investigation, was at the be- 
ginning of the modern era regarded as a model for other branches 
of knowledge. For example, in philosophy such men as Descartes 
and Spinoza believed that they had made their investigations 
more convincing by presenting them axiomatically, or, as they 
called it, “‘ geometrically ”. 

But it was a different matter with modern mathematics, 
which began to develop at about the same time as the new philo- 
sophy. In mathematics the principle of reduction of the material 
to axioms was frequently abandoned. Intuitive evidence in 
each separate case became a favourite method of proof. Even 
in the case of scientists of the first rank we find operations with 
the new concepts based chiefly on a feeling for the right result 
and not always free from mystical associations—particularly 
in the case of the ominous “infinitely small quantities” or 
“infinitesimals ’’. Blind faith in the omnipotence of the new 
methods carried the investigator away along paths which he 
could never have travelled if subject to the limitations of complete 
rigour. It is no wonder that only the sure instinct of a great 
master could guard against gross errors. 

It is fortunate that this was so, and that the critical counter- 
currents which sprang up in the eighteenth century and rose 
to their full strength in the nineteenth century did not come 
in time to check the development of modern mathematics, but 
only in time to establish and extend its results. But the need 
for critical investigation and consolidation of the advances 
made gradually increased to such an extent that its satisfaction 
is rightly regarded as one of the most important mathematical 
achievements of the nineteenth century. 
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In the differential and integral calculus the critical work of 
Cauchy is particularly important. By formulating the funda- 
mental concepts in a clear and satisfactory way, Cauchy in many 
directions rounded off the work, begun in the eighteenth century, 
of presenting higher analysis in an intelligible manner, free from 
the vagueness due to the use of infinitesimals. 

The principal thing which remained to be done was to re- 
place intuitive considerations in proofs and discussions by con- 
siderations of pure analysis, depending only on numbers and on 
the operations which can be performed with numbers—as we 
say, to “ arithmetize ” analysis. As a matter of fact, the criti- 
cally-trained mind feels there is something unsatisfactory about 
appeals to intuition in proofs in analysis. We need not go 
into the question of the accuracy or inaccuracy of intuition or 
of the existence of a “ pure @ priori intuition” in Kant’s sense 
in order to recognize that naive intuitive thinking includes much 
vagueness which hinders the approach to completely rigorous proofs 
in analysis. In the following chapters this will strike us more 
and more clearly. Even here we may mention, for example, that 
the concept of a continuous curve is very difficult to grasp in- 
tuitively. A continuous curve need not by any means possess a 
definite direction at every point. In fact, there actually exist 
continuous curves which at no point possess a direction, and 
continuous curves to which no length can be assigned. In 
the face of such facts, even the beginner will admit the need for 
arithmetizing analysis.* 

Yet we must not allow ourselves to forget that a century 
of brilliant and fruitful development of mathematics was possible 
before these requirements were fulfilled. In spite of all its 
defects intuition still remains the most important driving force 
for mathematical discovery, and intuition alone can bridge the 
gap between theory and application. 

We shall now follow Bolzano and Weierstrass in developing 
those lines of thought which yield the rigorous and complete 
proofs of the theorems which we formulated by intuitive means 
in the first chapter. 


* Rigorous mathematical concepts are always very highly idealized forms 
of the ideas which arise intuitively. Hence it is absolutely impossible to dispose 
of problems relating to the ultimate foundations of mathematica by appealing 
to naive intuition. 

Be (B 798) 


58 INTRODUCTION [Cuap. 


1. Tae Principe or THE Pornt oF ACCUMULATION AND ITS 
APPLICATIONS 


1. The Principle of the Point of Accumulation. 


In the rigorous discussion of the fundamentals of analysis the 
leading part is played by Weierstrass’s principle of the point of 
accumulation. From the intuitive point of view this principle is 
merely the statement of a triviality; but just because it 
summarizes a state of affairs which occurs frequently it is as 
useful as small change is in daily life. The principle is as follows: 

If infinitely many numbers are given in a finite interval, these 
numbers possess at least one point of accumulation; that is, there is 
at least one point & such that in every interval, no matter how small, 
about the point & there lie infinitely many of the given numbers. 

In order to prove the principle of the point of accumulation 
arithmetically, we assume to begin with that the given interval is 
the interval from 0 to 1. We now divide this into ten equal parts 
by means of the points 0-1, 0:2,..., 0-9. At least one of these 
sub-intervals must contain infinitely many points. Let us sup- 
pose that the interval beginning with the number 0-a, is that 
interval (or one of those intervals if there are several). We now 
subdivide this interval into ten parts by means of the points of 
division 0-a,1, 0-a,2,..., 0-a,9. Again, it is true that at least one 
of these sub-intervals must contain infinitely many points; let 
it be the sub-interval beginning with the number 0-a,a,. We 
again subdivide into ten parts—notice that one of these parts 
must contain infinitely many points—and continue the process. 
We thus arrive at a sequence of digits, a, a2, a3,..., each having 
one of the values 0, 1, 2,...,9. We now consider the decimal 


& = 0-,0n05.... 


It is clear that this is a point of accumulation of our set of num- 
bers. For every interval, no matter how small, in whose interior 
the point é lies, contains the sub-intervals of our system of sub- 
division from a certain degree of fineness onward, and these 
sub-intervals contain infinitely many numbers of the set. 


If the interval under consideration, instead of being the interval from 
0 to 1, is, say, the interval from a to a + &, nothing essential in the above 
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argument is changed. The point of accumulation is then represented 
simply by a number of the form 


a+h X O-a,Gga3-00 0 


2. Limits of Sequences. 


The considerations above throw new light upon the concept 
of the limit of an infinite sequence of numbers a,, ay, dg, ...; 
G,,... . We first consider the exceptional case in which 
infinitely many numbers of the sequence are equal to one 
another, and extend our definition by applying the name 
“point of accumulation ” to this point (or these points) also. 
If there are infinitely many different numbers in the sequence, 
and if we assume that the numbers a, of this sequence are 
“bounded ”, ie. that there is a number M such that the in- 
equality | a,|< M holds for all values of n, the numbers of 
the sequence form an infinite set of numbers in a finite interval, 
since they all lie between —M and M. They must, therefore, 
possess at least one point of accumulation (€). If there is only 
one point of accumulation, it is easy to show that the sequence 
converges, and that its limit is the number ¢. For let us mark 
off any small interval about the point ¢. If infinitely many 
points of the sequence were outside this interval, they would 
have a limit point other than ¢, contrary to hypothesis. Hence 
only a finite number of the numbers of the sequence are exterior 
to the interval, and thus by definition the sequence approaches ¢. 
If, on the other hand, there are several points of accumulation, the 
sequence approaches no limit. The existence of a limit and the 
uniqueness of the point of accumulation of a bounded sequence 
of numbers are therefore equivalent ideas. 


The case of the non-existence of a limit is to be regarded as the rule 
rather than the exception. For example, the sequence with the terms 
Gon, = 1/0, Gon = 1 ~— 1/n (n= 1, 2,...) has the two points of accumu- 
lation 0 and 1. 


The aggregate of the positive raticnal numbers ma; be re- 
garded as a sequence of numbers, in which the ordering by magni- 
tude is, of course, completely destroyed. We arrive most easily 
at such an arrangement in a sequence if we first write down the 
rational numbers as shown on p. 60 and then run through this 
array as shown by the arrows, disregarding those numbers which 
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have already been encountered (such as 2/4). The system of 
rational numbers obviously has all rational and irrational 
points as points of accumulation. It therefore forms a simple 
example of a sequence with an infinite number of points of 

accumulation. 
By means of the concept of convergence we can state the 
principle of the point of accumulation in a remarkable form 
which is often convenient 


a definite limit €. For 

Enumeration of the rational this purpose we have 

numbers only to take a point of 

accumulation £¢ of the 

given set of numbers, then to select a number a, of the set 

whose distance from € is less than 1/10, then a second number 

a, of the set whose distance from € is less than 1/100, then a 

third number ag whose distance from € is less than 1/1000, 

and so on. We see at once that this sequence actually con- 
verges to the limit €. 


1 1 1 1 14 1 smere 
Tr ys ae > + for applications. 

27 27 4/2) a7 87 . From every bounded 
aaa ce y infinite set of numbers tt 
ee a are oe ts possible to choose an 
i iz? Le yi 4 infinite sequence a, 4, 
7 . 3 : : as, ... which converges to 
8K sf, 

Ze 


3. Proof of Cauchy’s Convergence Test. 


Let us now return to convergent sequences, i.e. to bounded 
sequences with only one point of accumulation. Cauchy’s con- 
vergence test, stated in § 6 (p. 40), now reduces almost to a 
triviality. For let us assume that | a,, — a,,| is arbitrarily small 
when m and n are sufficiently Jarge. Then the numbers a, all 
lie in a finite interval, and therefore possess at least one point 
of accumulation €. If now there were a second point of accumu- 
lation 7, the distance of this point from ¢ would be |¢ — y| = a, 
a positive quantity. Within an arbitrarily small distance from é, 
say within a distance less than a/3 from é, there must be infinitely 
many numbers a,, and hence, in particular, infinitely many 
numbers a, for which » > N, however large NW is chosen. Simi- 
larly, within an arbitrarily small distance from the point y, say 
within a distance less than a/3 from 7, there are infinitely many 
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numbers @, of the sequence; in particular, infinitely many 
numbers @, for which m>N. For these values a, and Qn 
it is true that | a, —a,| > a/3, and this relation is incom- 
patible with the hypothesis that for sufficiently large values 
of N the difference | a, — a,,| is arbitrarily small provided that 
n and m are both greater than N. Consequently there are not 
two distinct points of accumulation, and Cauchy’s test is 
proved, 


4, The Existence of Limits of Bounded Monotonic Sequences. 


It is equally easy to see that a bounded monotonic increasing 
or monotonic decreasing sequence of numbers must possess a limit. 
For suppose that the sequence is monotonic increasing, and let 
€ be a point of accumulation of the sequence; such a point 
of accumulation must certainly exist. Then ¢ must be greater 
than any number of the sequence. For if a number a; of the 
sequence were equal to or greater than ¢, every number a, 
for which n>1-+ 1 would satisfy the inequality a, > di, 
> @,= € Hence all numbers of the sequence, except the first 
(1+ 1) at most, would lie outside the interval of length 
2(a,4, — €) whose mid-point is at the point €. This, however, 
contradicts the assumption that ¢ is a point of accumulation. 
Hence no numbers of the sequence, and a fortiori no points of 
accumulation, lie above ¢. So if another point of accumulation 
7 exists we must have »<& But if we repeat the above 
argument with » in place of € we obtain <n, which is a 
contradiction. Hence only one point of accumulation can exist, 
and the convergence is proved. An argument exactly analogous 
to this of course applies to monotonic decreasing sequences. 


As on p. 41, we can extend our statements about monotonic sequences 
by including the limiting case in which successive numbers of the sequence 
are equal to one another. It is in this case better to speak of monotonic 
non-decreasing and monotonic non-increasing sequences respectively. 
The theorem about the existence of a limit remains valid for such 
sequences. 


5. Upper and Lower Points of Accumulation; Upper and Lower 
Bounds of a Set of Numbers. 


In the construction on p. 58 which led us to a point of 
accumulation € we had at each step to make the choice of a sub- 
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interval containing infinitely many points of the set. Had we 
always chosen the last sub-interval which contained an infinite 
number of points, we should have been led to a certain definite 
point of accumulation 8. This point of accumulation f is called 
the upper point of accumulation or upper limit of the set of num- 
bers, and is designated by the abbreviation lim. It is that point 
of accumulation of the sequence which lies farthest to the right; 
Le. it is quite possible that an infinite number of points of the 
sequence lie above 8, but no matter how small the positive 
number e may be, there are not an infinite number above B + e. 

If, in the construction on p. 58, we had always chosen the 
first of the intervals containing an infinite number of points of the 
set, we should again have arrived at a certain definite point of 
accumulation a. This point a is called the lower point of 
accumulation or lower limit of the set, and is denoted by lim. 
There may be infinitely many numbers of the set below a, but 
no matter how small the positive number « may be there are 
only a finite number below a—e. The proofs of these facts 
can be left to the reader. 

Neither the upper limit B nor the lower limit a need belong 
to the set. For example, for the set of numbers a2, = 1/n, 
yy, = 2 — 1/n these limits are respectively a= 0 and B= 2, 
but the numbers 0 and 2 do not themselves occur in the set. 

In this example there is no number of the set above B = 2. 
In this case we say that 8 = 2 is also the upper bound MM of the 
set, according to the following definition: M is called the least 
upper bound, or simply the upper bound, of a set of numbers 
if (1) there is no number of the set greater than M, but (2) 
for every positive number « there is a number of the set greater 
than M—e. The upper bound may coincide with the upper 
limit, as the above example shows. But the set a,=1- 1/n 
(n = 1, 2,...) shows that this is not necessarily the case. Here 
M=2and B= 1. 

Every bounded set of numbers has a least upper bound. For 
let 8 be the upper limit of the set. Hither there are no numbers 
of the set greater than f, or there are such numbers. In the first 
case 8 is the least upper bound, since no numbers are above B 
and there are numbers arbitrarily close to 8 below it. In the 
second case let a be a number of the set greater than B. There 
are only a finite number of numbers of the set equal to or greater 
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than a, since otherwise there would be an accumulation point 
above f, which is impossible. We therefore need only choose 
the greatest of these numbers; it will be the upper bound of 
the set. 

We see that in any case M> 8, and we recognize the 
following fact: 

If the upper bound of the set does not coincide with the upper 
limit, it must belong to the set, and is an “ isolated” point of the 
set. 

Corresponding statements hold for the lower bound m; it is 
always equal to or less than a, and if m and a do not coincide, m 
belongs to the set and is an isolated point of the set. 


2. THEOREMS ON ConTINUOUs FUNCTIONS 


1. Greatest and Least Values of Continuous Functions. 


A bounded infinite set of numbers must possess a least upper 
bound M and a greatest lower bound m. But, as we have seen, 
these numbers M and m do not necessarily belong to the set; 
as we say, the set does not necessarily have a greatest or a 
least value. 

In view of this fact the following theorem on continuous 
functions is by no means go obvious as it appears to simple 
intuition: 

Every function {(x) which is continuous in a closed interval 
& =x Sb assumes a greatest value at least once and a least value 
at least once, or, a8 we say, tf possesses a greatest and a least value. 

This may easily be proved in the following way. The values 
assumed by the continuous function f(x) in the interval 
@ = 2S b form a bounded set of numbers and therefore Possess 
a least upper bound M. For otherwise a sequence of numbers 
& .-. 5 &)+..in our interval would exist for which F (En) 
increases beyond all bounds. This sequence would have at 
least one point of accumulation € in the interval. Then arbi- 
trarily near to é there would always be numbers £, of our 
sequence for which the expression | f(¢)— S(€n)| exceeds 1 
(and in fact is arbitrarily large): that is, the function would be 
discontinuous at the point ~ Thus a least upper bound M 
exists and hence either there is a point ¢ such that S(H}= HM, 
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which would prove the statement, or there is a sequence of 
numbers 2, YZ, ..., Ly; -.- in the interval for which 


lim f(%_) = M. 


According to the principle of the point of accumulation as formu- 
lated on p. 60 we can select a sub-sequence of the numbers z,, 
which converges to a limit €. Let us call this sub-sequence 
&1, fa) ++ En ~~, 80 that 
lim é, = €. 
n—>o 
It is then certain that 
ims (€,) = M. 


On the other hand, the function has been assumed continuous 
in the interval, and hence, in particular, at €, so that 


lim S(En) =f(é). 


Hence f(€)= M. The value M is therefore assumed by the 
function at a definite point € in the interior or on the boundary 
of the interval, as was stated. An exactly similar discussion 
applies to the least value. 

The theorem about the greatest and least values of con- 
tinuous functions does not remain true in general unless we 
expressly assume the interval to be closed, that is, unless we 
make the hypothesis of continuity refer to the end-points also. 
For example, the function y= 1/z is continuous in the open 
interval O<2<0o. It has, however, no greatest value, but 
has arbitrarily large values near c= 0. Similarly, it has no 
least value, but becomes arbitrarily near 0 for sufficiently large 
values of x, without ever assuming the value 0. 


2. The Uniformity of Continuity. 


As we have already seen (cf. p. 54), and as we shall further 
see, the continuity of a function f(x) in a closed interval 
a@<23b leaves room for a variety of possibilities which do 
not suggest themselves intuitively. For this reason we shall 
give logically rigorous proofs of certain consequences of the idea 
of continuity which from a naive point of view seem quite 
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obvious. The definition of continuity simply states that from the 
relation lim z,= € the relation im a f(a) = = f(€) follows. We 


n> o 


can also express this in the following way: for each point £ 
there corresponds to every «> 0 a number 5> 0 such that 
| f(x) — f(é) | < ¢ whenever | x— €| <8, provided that all the 
numbers 2x considered lie in the interval ax<a2<b. 


For example, in the case of the function y = cx (where c = 0) such a 
number 8 is given by the relation 8 = ¢/|c{. For the function y = a* we 
can find such a number in the following way. We assume that a = 0 
and b = 1, and ask ourselves how near to & the number 2 must lie in order 
that the expression | 2? — &?{ may be less than «. For this purpose we 
write |? — @|=—|[#%#—&||2x+8|S|2—&|(1+ &). If, therefore, 
we choose § S ¢/(1-+ &) we can be sure that | 2?— &| <«. We see in 
this example ‘that the number 8 found in this way depends not only on e, 
but also on the point of the interval at which we are investigating the 
continuity of the function. But if we give up the attempt to make the 
best possible choice of 8 for each & we can eliminate this dependence of 
8 on &. For we need only replace € on the right by the number 1, thus 
obtaining for 3 the expression ¢/2, which is smaller than the previous 
expression for 8 but serves equally well for all points &. 


The question now arises whether something similar does not 
hold for every function which is continuous in a closed interval. 
That is, we inquire whether it may not be possible to determine 
for each ¢ a § = 8(e) depending on « only and not on £, such that 


the inequality 
lf@—f()|<e 


is true, provided | «— é| < 5, for all values of & at the same 
time (or, better expressed, uniformly with respect to ¢). As a 
matter of fact, this is possible merely as a consequence of the 
general definition of continuity, without any additional hypo- 
theses. This fact, which first attracted attention late in the 
nineteenth century, is called the theorem of the uniform continuity 
of continuous functions. 

We shall prove the theorem indirectly. That is, we shall 
show that the assumption that a function f(x) exists which in a 
closed interval a = x < 6 is continuous and yet not uniformly 
continuous leads us to a contradiction. Uniform continuity 
ineans that if we wish to make the difference | f(u) — f(v) | less 
than an arbitrarily chosen positive number e¢, the numbers u 
and v being chosen in the closed interval a <2 <b, we need 
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only choose « and v near enough to one another, namely, at a 
distance apart less than § = 8(e); it is immaterial where in the 
interval the pair of numbers u, v is chosen. Now, if f(x) were not 
uniformly continuous, there would exist a positive (perhaps very 
small) number a with the following property: to every number 5, 
of an arbitrary sequence §,, 5,,... of positive numbers tending 
to zero there corresponds a pair of values u,, v, of the interval 
for which | u,—v,| <8, and |f(u,a)—f(v,)| >a. Accord- 
ing to the principle of the point of accumulation the numbers U, 
must have a point of accumulation ¢, and so the numbers v, 
must have the same point of accumulation. If we mark off an 
arbitrarily small interval |a—£¢|<8 about this point &, 
an infinite number of the pairs u,, 0, will lie in this interval. 
But this contradicts the assumed continuity of f(z) at the point 
€; for that requires, by Cauchy’s convergence test, that for 
points x, and z, near enough to ¢ 


| f(a) — f(@2) | <a. 


The uniformity of the continuity is thus proved. 

In our proof we have made essential use of the fact that the 
interval is closed.* In fact, the theorem of the uniformity of 
continuity does not hold for intervals which are not closed. 


For example, the function 1/z is continuous in the half-open interval 
0 <2 S11, but it is not uniformly continuous. For no matter how small 
the length 8 (< 1) of an interval is chosen, the function will take values 
differing by any fixed number, say 1, in the interval, if only the interval 
lies near enough to the origin, say 8/2 S #< 38/2. The non-uniformity 
of continuity is of course due to the fact that in the closed interval 
0 < 2S 1 the function possesses a discontinuity at the origin. If 
we had considered the example y= 2* in the whole (open) interval 
—%® <%<o instead of in a closed interval, it would not have been 
uniformly continuous. 


3. The Intermediate Value Theorem. 


Another theorem which constantly recurs in analysis is the 
following: 

A function {(x), continuous in a closed interval 2 Sx <b, 
which is negative for x = a and positive for x = b, (or conversely), 
assumes the value 0 at least once in the interval. 


* Otherwise the point of accumulation § need not belong to the interval. 
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Geometrically this theorem is trivial, since it merely states 
that a curve which begins below the z-axis and ends above it 
must cut the axis somewhere in between. Analytically the 
theorem is very easily proved. In the interval there are an 
infinite number of points for which f(z) <0; on account of the 
continuity of the function, in fact, this is true for a whole interval 
beginning at the point a. The set consisting of those points x 
for which f(z) <0 has a least upper bound £, which is greater 
than a. Since in every neighbourhood of ¢ there are points x 
for which f(z) < 0, we must have f(£) < 0 (whence in particular 
& + b). It is impossible, however, that f(¢) <0, for then f(z) 
would be negative in a sufficiently small neighbourhood of é, 
including values x greater than ¢, in contradiction to the hypo- 
thesis that £ is the upper bound of the values x for which f(x) < 0. 
Therefore f(£) = 0, and our assertion is proved. 

A slight generalization of our theorem is: 

If we assume that f(a) = a and f(b) = B, and if p is any value 
between a and B, the continuous function (x) assumes the value 
at least once in the interval. For the continuous function 


$ (x) = f(x) — py 


will have different signs at the two ends of the interval, and will 
therefore assume the value 0 somewhere in the interval. 


4, The Inverse of a Continuous Monotonic Function. 


Tf the continuous function y= f(x) is monotonic in the 
interval a S x S 6, it will assume each value » between f(@) and 
J(6) once and only once; hence if y describes the closed interval 
between the values a= f(a) and § = f(b), to each value of y 
there will correspond exactly one value of z. We can therefore 
think of # as a single-valued function of y in this interval; that 
is, the function y= f(z) has a unique inverse. We assert that 
this inverse function z= ¢(y) is also a continuous monotonic 
function of y, as y varies within the interval between a and 8. 

The monotonic character of the inverse function z= ¢(y) 
is obvious. In order to prove its continuity we observe that 
from the monotonic character of f(x) it follows that 


| f(@_) — f(a) | = lys — y | > 0, 
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provided that 2, and 2, are distinct numbers of the interval. 
If h is a positive number less than b — a, the function 


[f@@+ h)—f(@)| 


is continuous in the closed intervala <2<b—h. Ata point é 
it therefore has a least value | f(€ + h) — f(£) | = a(h), which 
by our preceding remark is not zero.* From this we conclude that 
if x, and 2, are two points in the interval for which | 7, ~ 2, | = h, 
then | f(z) — f(%_)| 2 a(h). But this implies the continuity of 
the inverse function. For if | y,— y,| falls below the positive 
number a(h), then we must have | 2, — a,| <A; and hence if 
@ positive number ¢ is given, we need only choose 5 equal to 
a(e) in order to ensure that for all values y for which | y, — y| <8 
it is also true that | d(y,) — dy) |<. 

We have therefore established the following theorem: If the 
function y = f(x) is continuous and monotonic wn the interval 
asxsb, and f(a)= a, f(b) = 8, then tt has a single-valued 
inverse function x= $(y), a Sy SB, and this inverse function 
4s also continuous and monotonic. 


5. Further Theorems on Continuous Functions. 


We leave it to the reader to prove the following almost trivial 
fact: a continuous function of a continuous function is itself 
continuous. That is, if $(x) is a function continuous in the interval 
asx2z2<6, and its functional values lie in the interval 
a<¢S 8, and if in addition f(¢) is a continuous function of 
¢ in this last interval, then f(¢(x)) is a continuous function of 
x in the interval aS «<b. (Theorem of the continuity of 
functions of continuous functions.) 

It has already been mentioned on p. 54 that the sum, differ- 
ence, and product of continuous functions are themselves continuous, 
and that the quotient of continuous functions is continuous, pro- 
vided that the denominator remains different from zero. 


3. Some REMARKS ON THE ELEMENTARY FUNCTIONS 


In Chapter I we tacitly assumed that the elementary func- 
tions are continuous. The proof of this is very simple. First, 


r * On account of the continuity of f(x), a(h) itself of course tends to 0 as A 
oes. 
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the function f(z)= 2 is continuous; therefore 2—=-2.2 is 
continuous, being the product of two continuous functions, and 
every power of x is likewise continuous. Thus every polynomial 
is continuous, being the sum of continuous functions. Every 
rational fractional function, being a quotient of continuous 
functions, is likewise continuous in every interval in which the 
denominator does not vanish. 

The function 2" is continuous and monotonic. Hence the 
n-th root, being the inverse function of the n-th power, is con- 
tinuous. By the theorem of the continuity of functions of con- 
tinuous functions, the n-th root of a rational function is con-. 
tinuous (except where the denominator vanishes). 

The continuity of the trigonometric functions, with which 
the reader is familiar from elementary mathematics, could now 
readily be proved, using the concepts developed above. The 
discussion is not given here, since in Chapter II, § 3 (p. 97), 
this continuity will be seen to follow naturally as a consequence 
of differentiability. 

We shall merely make a few remarks about the definition 
and continuity of the exponential function a*, the general power 
function 2*, and the logarithm. We assume, as in § 3, pp. 25-26, 
that a is a positive number, say greater than 1, and if r= vq 
is a positive rational number (p and g being integers) we take 
a’ = a?/? as meaning the positive number whose g-th power is 
a’, Ifa is any irrational number and 7, 7,..., Tm, ...i8 & 
sequence of rational numbers approaching a, we assert that 
lim a'™ exists; we then call this limit a*. 
m~—> 0 

In order to prove the existence of this limit, by Cauchy’s 
test we need only show that | a's — atm| is arbitrarily small, 
provided that n and m are sufficiently large. We suppose for 
example that r, > 7, i.e. that r, ~ 7, = 8, where5>0. Then 


an — atm = g'm(a5 — 1), 
Since a'm remains bounded, we need only show that 
Ja~—1]=a—1 


is arbitrarily small when the values of n and m are sufficiently 
large. But 8 is a rational number, and certainly may be made 
as small as we please provided the values of n and m are suffi- 


70 INTRODUCTION [Crap. 


ciently large. Hence if I is an arbitrarily large positive integer, 
&<1/l if n and m are large enough. Now the relations 
5 < 1/l and a>1 give * 

le a < git, 


and since a! tends to 1 as 1 increases (cf. p. 31) our assertion 
follows immediately. 

It may be left to the reader to show that the function a* 
extended to irrational values in this way is also continuous 
everywhere, and, moreover, that it is a monotonic function. For 
negative values of z this function is naturally defined by the 
equation 

at = —., 
a-° 
As:x runs from — oo to +0, a® takes all values between 0 and 
++oo. Consequently it possesses a continuous and monotonic 
inverse function, which we call the logarithm to the base a. In 
like manner we can prove that the general power 2* is a con- 
tinuous function of 7, where a is any fixed rational or irrational 
number and # varies over the interval 0<2< o; also that 
a* is monotonic if a = 0. 

The “elementary ” discussion of the exponential function, 
the logarithm, and the power 2* outlined here will later (Chapter 
IIT, § 6, p. 167) be replaced by another discussion which is in 
principle much simpler. 


EXAMPLES 


1, Give the upper and lower bounds and upper and lower limits for the 
following sequences, and state which belong to. the sequence: 


(a) we 12,000. @) 0, SF ne %..e 
. a ; nt 
(—1)" n = ; (—1)" , (—1""" 
(0) Ft pee beee 14 Py CU nan 
1 


(e) 


1 
mt perm = 152s wxaiei'e 

* This statement follows from the fact that when a > 1 the power a” ig 
greater than 1 if m/n is positive. This is clearly true. For if a™/" were less than 
1, then a™ = (a/")» would be a product of » factors all less than 1, and would 
be less than 1. On the contrary, a™ is the product of m factors all greater than 
1, and so.is greater than 1. 
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2.* Prove that if f(x) is continuous for a < x <b, then for every e > 0 
there exists a polygonal function 9(z) (that is, a continuous function whose 
graph consists of a finite number of rectilinear segments meeting at corners) 
such that | f(x) — 9(x)| < e for every z in the interval. 

3. Prove that every polygonal function (x) can be represented by a 


sum 9(x) = a+ bx + Xe,|#—2,|, where the 27s are the abscissx of 
the corners. 


Find a formula of this kind for the function f(x) defined by the equations: 


f(z) = 2c —1(0 Sa 2). 
f(z) = 5—2(2S2S 3). 
f(x) = 2#-1(33S2S5). 
f(z) = 4(56 Sx S717). 
4. For the following functions f(x) find as in § 1, No. 2, p. 65, a 
8(e) such that | f(x,) — f(x_) | < © whenever | 2, — %_| < 8(e): 
(a) f(x) = 228, —1 Se <1, 
(8) f(z) = 2", -aSzSa, 
*(0) f@)= V1l—@,-1s2s1. 
5.* The function y= sinl/z has no discontinuities in the interval 
0<2< 1. Prove that it is not uniformly continuous in that open interval. 
6. A function f(z) is defined for all values of x in the following manner: 


f(z) = 0 for all irrational values of 2; 
f(x) = 1/q for rational x == p/g, 


where p/q is a fraction in its lowest terms; (thus for x = #8, f(x) = 35). 
Prove that f(z) is continuous for all irrational values of 2 and dis- 
continuous for all rational values of 2. 


Appendix II to Chapter I 
1. Potar Co-orDINATES 


In Chapter I we have set the concept of function in the fore- 
ground and have represented functions geometrically by means 
of curves. It is, however, useful to recall * that analytical geo- 
metry follows the reverse procedure, beginning with a curve given 


* See also p. 16. 
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by some geometrical property and representing this curve by 

a function, for example, by a function which expresses one of the 

co-ordinates of a point of the curve 

¥ in terms of the other co-ordinate. 

This point of view naturally leads 

us to consider, apart from the 

y rectangular co-ordinates to which 

we restricted ourselves in Chapter I, 

0 ~ other systems of co-ordinates which 

may be better suited for the repre- 

sentation of curves given geometri- 

cally. The most important example 

is that of polar co-ordinates r, 6, which are connected with the 
rectangular co-ordinates x, y of a point P by the equations 


Fig. 25.—Polar co-ordinates 


w@=rcos0, y=rsin#, r= a+ y?, tand = 4, 
x 


and whose geometrical interpretation is made clear in fig. 25. 


Fig. 26.—Lemniscate 


Let us consider for example the lemniscate. This is geometrically de- 
fined as the locus of all points P for which the product of the distances 
r, and r, from the fixed points F, and F, with the rectangular co-ordinates 
z=a, y= 0 and «= —a, y= 0 respectively has the constant value a? 
(cf. fig. 26). Since 


ris (e—aP+y, r= (e+ at y’, 
a simple calculation gives us the equation of the lemniscate in the form 
(29 + 98) — 2a (a? — y*) = 0. 
If we now introduce polar co-ordinates, we obtain 
r* — 20777 (cos?0 — sin?0) = Q; 
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and if we divide by r* and use a simple trigonometrical formula this 
becomes 1? = 2a cos 20, 


Thus we see that the equation of the lemniscate is simpler in polar co- 
ordinates than in rectangular. 


2. Remarks on Comprex NoumBers 


Our studies will be based chiefly on the class of real numbers. 
Nevertheless, with a view to the discussions in Chapters VIII, 
IX, and XI we would remind the reader that the problems of 
algebra have led to a still wider extension of the concept of 
number, namely, to the introduction of complex numbers. The 
advance from the natural numbers to the class of all real numbers 
arose from the desire to eliminate exceptional phenomena and 
to make certain operations, such as subtraction, division, and 
correspondence between points and numbers, always possible. 
Similarly, we are compelled, by the requirement that every 
quadratic equation and in fact every algebraic equation shall 
have a solution, to introduce the complex numbers. If, for 
example, we wish the equation 


e+l1l=0 


to have roots, we are obliged to introduce new symbols ¢ and —i 
as the roots of this equation. (As is shown in algebra, this is 
sufficient to ensure that every algebraic equation shall have a 
solution. *) 

If a and 6 are ordinary real numbers, the complex number 
c=a-+ % denotes a pair of numbers (a, 6), calculations with 
such pairs of numbers being performed according to the follow- 
ing general rule: we add, multiply, and divide complex numbers 
(among which the real numbers are included as the special case 
b = 0), treating the symbol ¢ as an undetermined quantity, and 
then simplify all expressions by using the equation 7? = —1 to 
remove all powers of ¢ higher than the first, thus leaving only an 
expression of the form a+ 1. 

We may assume that the reader already has a certain degree 
of familiarity with these complex numbers. We shall neverthe- 


*That every algebraic equation possesses real or complex roots is the 
statement of the “ fundamental theorem ” of algebra. 
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less emphasize a particularly important relationship which we 
shall explain in connexion with the geometrical or trigonometrical 
representation of the complex numbers. If ¢ = 2 - ty is such 
a number, we represent it in a rectangular co-ordinate system 
by the point P with co-ordinates x and y. By means of the equa- 
tions =r .008s0, y= rsin#, we now introduce the polar co- 
ordinates r and 6 (cf. p. 72) instead of the rectangular co-ordinates 
zand y. Then r? = —/2? + y? is the distance of the point P from 
the origin, and @ is the angle between the positive a-axis and 
the segment OP. The complex number c is now represented in 
the form 
c= r(cos8 + ¢sin 6), 


The angle @ is called the amplitude of the complex number ce, 
the quantity r its absolute value or modulus, for which we also 
write |c|. To the “conjugate” complex number ¢ = a — ty 
there obviously corresponds the same absolute value, but (except 
in the case of negative real values of c) the angle —0. Clearly 


2 == | ¢ |? = cc = a? + y?, 


Tf we use this trigonometrical representation the multipli- 
cation of complex numbers takes a particularly simple form. 
For then 

c.c’ = r(cosé + ésin§) . 1’ (cos@’ + ¢ sin @’) 
= 17’ (cos@ cos 6’ — sin @ sin 6’) 


+ 7(cos 8 sin 6’ + sin @ cos 6’). 


If we recall the addition theorems for the trigonometric functions 
this becomes 


c.c = rr’(cos(# + &) + ¢ sin(@ + 6’)). 


We therefore multiply complex numbers by multiplying their 
absolute values and adding their amplitudes. The remarkable 
formula 


(cos @ +- ¢ sin #) (cos @ + ¢ sin 6’) = cos(6 + 6’) + ¢sin(6 + 6’) 
is usually called De Moivre’s theorem. It leads us at once to the 


relation 
(cos 6 + ¢ sin @)" = cosné + ¢sinné, 
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which e.g. at once enables us to solve the equation 2" = 1 for 
positive integers n, the roots (the so-called roots of unity) being 


Qa, . lar 4n , . . Ao 
€; = € = cos — + 4sm —, «= @&=cos—+ isin—, ..., 
n n % n 


n—I1)7,.. 
tenet Soe OD UE Lau ; é,= "= 1. 
n 


(n—I1)7 
n 
Moreover, if we imagine the expression on the left-hand 

side of the equation (cos + isin6)" = cosn@+ isinnO ex- 

panded by the binomial theorem, we need only separate real 
and imaginary parts in order to obtain expressions for cosn@ 
and sinn@ in terms of powers and products of powers of sin@ 

and cos 0. 


EXAMPLES 
1. Plot the graphs of the following functions: 
r= sin 9. r= cos 5p. 
om ae 69. r= me « constant. 


2. Find the polar equation of 


(2) the circle of radius a with its centre at the origin; 
(5) the circle of radius a with centre (a, Po)s 
(c) the general straight line. 


3. Use De Moivre’s theorem to express cos20 and sin20 in terms of 
sin® and cos@. Similarly, for cos30, sin30, cos50, sin50. 

Prove that cosn6 is a polynomial in cos, and also that if n is odd 
sinz6 is a polynomial in sin 6. 


4. Work out the following expressions, and state the modulus and 
amplitude of each of the numbers involved and of the answers: 


(a) —3 . 2%. (f) a" 

(6) (4+ 44)(2 — $V 33). (9) (1 + sp, 
(c) (1+ (1 — 4). (4) (3 — 31)? 
(d) (V3 — 4%. (k) 18, 

(e) 12, (ein, 


5.* Prove that if 2 = cos 27 4 #sin an where » is an integer greater 
than 1, " " 
0 if 7 is not a factor of v, 
ty ay NY mn 7 
Se ee ast: n if n is a factor of v. 


CHAPTER II 


The Fundamental Ideas of the Integral 
and Differential Calculus 


Among the limiting processes of analysis there are two 
which play an especially important part, not only because they 
arise in many different connexions, but chiefly because of the 
very close reciprocal relation between them. Isolated examples 
of these two limiting processes, differentiation and integration, 
were considered even in classical times; but it is the 
recognition of their complementary nature and the resulting 
development of a new and methodical mathematical procedure 
that marks the beginning of the real systematic differential and 
integral calculus. The credit of initiating this development 
belongs equally to the two great geniuses of the seventeenth 
century, Newton and Leibnitz, who, as we know to-day, made 
their discoveries independently of one another. While Newton 
in his investigations may have succeeded in stating his concepts 
more clearly, Leibnitz’s notation and methods of calculation are 
more highly developed; even to-day these formal portions of 
Leibnitz’s work form an indispensable element in the theory. 


1. Tae Dermoire InTEeGRAL 


We first encounter the integral in the problem of measuring the 
area of a plane region bounded by curved lines. More refined 
considerations then permit us to separate the notion of integral 
from the naive intuitive idea of area, and to express it analyti- 
cally in terms of the notion of number only. This analytical 
definition of the integral we shall find to be of great significance, 


not only because it alone enables us to attain complete clarity 
76 
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in our concepts, but also because its applications extend far 
beyond the calculation of areas. 
We begin by considering the matter intuitively. 


1. The Integral as an Area. 


Let us suppose that we are given a function f(x) which is 
continuous and positive in an interval, and that a and } (a <b) 
are two values in that interval. We think of the function as re- 
presented by a curve, and consider the area of the region which 
is bounded above by the curve, at the sides by the straight lines 
=a and z= 6, and below by the portion of the z-axis be- 
tween the points a and b (fig. 1). 

That there is a definite meaning in speaking of the area 
of this region is an assumption inspired by intuition, which we 


Fig. 1 Fig. 2.—Upper sum and lower sum 


here state expressly as a hypothesis. We call this area FY the 
defimte integral of the function f(x) between the limits a and b. 
When we actually seek to assign a numerical value to this area, 
we find that we are in general unable to measure areas with 
curved boundaries; but we can measure polygons with straight 
sides by dividing them into rectangles and triangles. Such a 
subdivision of our area is usually impossible. It is, however, 
only a short step to conceive of the area as the limiting value 
of a sum of areas of rectangles, in the following manner. We 
subdivide the part of the z-axis between a and b into n equal 
parts, and at each point of division we erect the ordinate up to 
the curve; the area is thus divided into n strips. We can no 
more calculate the area of such strips than we could that of the 
original surface; but if, as shown in fig. 2, we find first the least 
and then the greatest value of the function F(z) in each sub- 
interval, and then replace the corresponding strip (1) bya rectangle 
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whose height is equal to the least value of the function, and (2) 
by a rectangle whose height is equal to the greatest value of the 
function, we obtain two step-shaped figures. (In fig. 2 the first 
of these is drawn with a solid line, the second being shown by 
dotted lines.) The first step-shaped figure obviously has an 
area which is at most equal to the area F,” which we are trying 
to determine; the second has an area which is at least as large as 
F.°. If we denote the sum of the areas of the first set of rect- 
angles by F,, (lower sum), and the sum of the areas of the 


second set by F,, (upper sum), we have the relation 
FSF SF, 


If we now make the subdivision finer and finer, ie. let n 
increase without limit, intuition tells us that the quantities 
F,, and F,, approach closer and closer to each other and tend 
to the same limit F,”. We may therefore consider our integral 
as the limiting value 

a = lim F, = lim F,, 
n—>o n—>o 

Intuition also shows us the possibility of an immediate 
generalization. It is by no means necessary that the n sub- 
intervals should all be of the same length. They may, on the 
contrary, have different lengths, provided only that as n increases 
the length of the longest sub-interval tends to 0. 


2. The Analytical Definition of the Integral. 


In the above section we have considered the definite integral 
as a number given by an area, and hence to a certain extent 
previously known, and have subsequently represented it as a 
limiting value. We shall now reverse the procedure. We no 
longer take the point of view that we know by intuition how an 
area can be assigned to the region under a continuous curve, 
or, indeed, that this is possible; we shall, on the contrary, begin 
with sums formed in a purely analytical way, like the upper 
and lower sums defined previously, and shall then prove that 
these sums tend to a definite limit. We take this limiting value 
as the definition of the integral and of the area. We are naturally 
led to adopt the formal symbols which have been used in the 
integral calculus since Leibnitz’s time. 
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Let f(z) be a function which is positive and continuous in 
the interval a S 2 <b (of length b— a). We think of the in- 
terval as divided by (nm — 1) points 2, 2%, ..., %4 into m equal 
or unequal sub-intervals, and in addition we put 2) = a, 2, = 6. 
In each interval we choose a perfectly arbitrary point, which 
may be within the interval or at either end; suppose that in the 
first interval we choose the point ¢,, in the second the point 
é,-.., in the n-th the point é,. Instead of the continuous 
function f(z) we now consider a discontinuous function (step- 
function) which has the constant value f(é,) in the first sub- 
interval, the constant value f(é,) in the second sub-interval,..., 


Fig. 3.-—To illustrate the analytical definition of integral 


the constant value f(£,) in the n-th sub-interval. As is shown in 
fig. 3, the graph of this step-function defines a series of rectangles, 
the sum of whose areas is given by the expression 


By = (41 — %) f (Ea) + (a — 2) f (Ee) + «+ (Bn — Baa) f (En). 


This expression is usually shortened by using the summation 
sign 


Fi, = Xt, 4 %,4) f(E,); 


by introducing the symbol 
Az, = 2, — 2,4 


we can abbreviate 1¢ still further: 


F,= % flé)de, 
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(Here the symbol A is not a factor, but denotes “ difference ”. 
The whole inseparable symbol Az,, by definition, means the 
length of the v-th sub-interval.) Our basic assertion may now 
be stated as follows: 

Tf we let the number of points of division increase without limit 
and at the same time let the length of the longest sub-interval tend 
to 0, then the above sum tends to a limit. This limit is independent 
of the particular manner in which the points of division x,, Xs... ; 
X,~1 and the intermediate points €,, £5,..., &, are chosen. 

This limiting value we shall call the definite integral of the 
function f (x), the integrand, between the limits a and b; as we have 
already mentioned, we shall consider it as the definition * of the 
area under the curve y=/f(x), for aX<a<b. Our basic 
assertion may then be re-worded thus: If f(x) is continuous 
ina Sa S 5 its definite integral between the limits a and b exists. 

This theorem on the existence of the definite integral of a 
continuous function can be proved by purely analytical methods, 
without appealing to intuition. We shall nevertheless pass it 
over for the present and return to it in the Appendix to this 
chapter (p. 131), after the use of the concept of integral has 
stimulated the reader’s interest in constructing a firm foundation 
for it. For the moment we shall content ourselves with the fact 
that the intuitive considerations on pp. 77-78 have made the 
theorem appear extremely plausible. 


3. Extensions, Notation, Fundamental Rules. 


The above definition of the integral as the limit of a sum led 
Leibnitz to express the integral by the following symbol: 


f SF (x) da. 


The integral sign is a modification of a summation sign which 
had the shape of a long S. The passage to the limit from a sub- 
division of the interval into finite portions Az, is suggested by 
the use of the letter d in place of A. We must, however, guard 
ourselves against thinking of dz as an “ infinitely small quan- 
tity” or “infinitesimal”, or of the integral as the “sum of 

* Of course we may also define the notion of area in a purely geometrical 


way, and then prove that such a definition is equivalent to the above limit- 
definition (cf. Chap. V, § 2, No. 1 (p. 268) ). 
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an infinite number of infinitely small quantities”. Such a con- 
ception would be devoid of any clear meaning; it is only a naive 
befogging of what we have previously carried out with precision. 

In the above figures we have assumed (1) that the function 
f (2) is positive throughout the interval, and (2) that b> a. The 
formula which defines the integral as the limit of a sum is, how- 
ever, independent of any such assumptions. For if f(z) is negative 
in all or part of our interval, the only effect is to make the corre- 
sponding factors f(¢,) in our sum negative instead of positive. 
To the region bounded by the part of the curve below the z-axis 
we shall naturally assign a negative area, which is in agreement 
with the familiar convention of sign in ones geometry. 
The total area bounded by a 
curve will thus in general be the y 
sum of positive and negative 
terms, corresponding respectively 
to the portions of the curve above 
and below the z-axis.* 

If we also omit the condition 6 
a<6 and assume that a> 6, 
we can still retain our arithmetical 
definition of integral; the only change is that when we traverse 
the interval from a to 6 the differences Az, are negative. We 
are thus led to the relation 


[ feae=—[ feade, 


which holds for all values of a and 6 (a + 6). In conformity with 
this we define f Sf (x)dx as equal to zero. 
Our definition immediately gives the basic relation (see fig. 4): 


[feda+ f foyde= f° fade 


for a<b<c. By means of the preceding relations we at 
once find that this equation is also true for any position of the 
points a, b, ¢ relative to one another. 

We obtain a simple but important fundamental rule by 


a Cc i 
Fig. 4 


* For the area of regions bounded by arbitrary closed curves see Chap. V, 
§ 2, p. 269. 
4 (2708) 
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considering the function cf(z), where ¢ is a constant. From 
the definition of the integral we immediately obtain 


ff fade =e f fae. 
Further, we assert the following addition rule: If 
f(@) = ¢(@) + ¥@), 


[fede= f° dede+ f° weds. 


The proof is quite simple. 


then 


We add a final remark, which is perfectly obvious, but very important 
in applications, about the “ variable of integration”. We have written 


our integral in the form fi (x)dx. For evaluating the integral it does not 


a 
matter whether we use the letter x or any other letter to denote the 
abscisse of the co-ordinate system, i.e. the independent variable. The 
particular symbol we use for the variable of integration is therefore a matter 


of complete indifference; instead of i f(z)dz we could equally well write 
b a 
fe f(t)dt or ri f(u)du or any similar expression. 
@ a 


2. EXAMPLES 


We are now in a position to carry out the limiting process 
prescribed by our definition of the integral, and thus actually 
to calculate the area in question in a number of special cases; this 
we shall do in a series of examples, where (except in No. 5, p. 86) 
we shall make use of the upper or lower sum alone.* 


1. Integration of a Linear Function. 

We first consider the function f(z) = 2", where n is an integer greater 
than or equal to 0. For n = 0, i.e. for f(z) = 1, the result is so obvious 
that we simply write it down: 


[idem feomb—a. 


For the function f(x) = a the integration is again a triviality from the 
geometrical point of view. The integral of the function f(x) = 2, 


[ra 


* We leave it as a useful exercise for the reader to prove that in the follow- 
ing examples we actually do arrive at the same result, whether we use the 
upper sum or the lower. 
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is simply the area of the trapezoid shown in fig. 5, which by an elemen- 
tary formula has the value 
$(b — a) (b+ a) = $ (0? — a), 
We shall now verify that our limiting process leads to exactly the same 
result. In calculating the limit we can restrict ourselves to the discussion 
of upper sums or lower sums. We subdivide the interval] from @ to b into 
n equal parts by means of the points of division 
ath, a+ 2h, ..., a+ (n— Ih, 
where h = (6 — a)/n. The integral must then be the limit of the follow- 
ing sum, which is an upper sum if 6 < a and a lower sum if b > a: 
h{at+ (ath)+ (a+ 2h)+...+(a+n— Ih} 
=h{nath+ 2h+... + (n— 1h}. 


¥y 


Fig. 5 Fig. 6 
By an elementary formula we have 
14+ 2+...+(n— 1) = jn(n— D, 
and our expression may therefore be written in the form 
nh(a th — (b—a){a+ 


As n increases the right-hand side obviously tends to the man 
(6 — a) {a + 3(b — a)} = 3(0* — a), 
which was to be proved. 


54 tpt) 


2. Integration of x?. 

A problems not quite so simple is that of integrating the function 
f(z) = 2%, or, in geometrical language, of determining the area of the region 
bounded by a segment of a parabola, a segment of the z-axis and two 
ordinates. We consider e.g. the integral 


[ites 
0 


where b= 0 (see fig. 6), and divide the interval OS z< b into n equa] 
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parts of length h = b/n; the area which we wish to find is then the limit 
of the following expression (upper sum): 


A(h? + 27h? + 3°? + 2... + nh?) = 19(12 + 227+ ...4 0°) 
= B12 + 227+... + n*)/n’. 


The sum enclosed in brackets, however, has already been found (see 
p- 27, footnote): 
194 24... 4 n8 = An(n + 1) (20+ 2). 


If we substitute this expression and rewrite the result in a slightly 
different form, our sum becomes 


0+) Q42) 


As ” increases beyond all bounds this tends to the limit 42?, and we obtain 
the required integral formula 


[tde= WP. 
0 


From this, using the general relationships given above, we immediately 
derive the general formula 


[eee [aae— [tae= 4( — a), 


3. Integration of x*, where « is any Positive Integer. 
As a third example we consider the integration of the function 
y = f(x) = 2, 


where « is any positive integer. For the computation of the integral 


fee 
a 


(where we assume 0 <a <b) it would be inconvenient to divide the 
interval into equal parts.* The passage to the limit may, however, be 
accomplished very easily if we effect a subdivision in “ geometric pro- 
gression” in the following manner. We put Vb /a= q and subdivide the 
interval by the points 


a, a4, aq’, eee, ag”, ag” = b. 


* We should then be obliged to base the evaluation of the integral upon the 


calculation of the limit of = i (12 + 22+...+ 7%) as n->; the reader 
n 


may work this out for himself as indicated in the footnote on p. 27. 
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The required integral is then the limit of the following sum: 


a* (ag ~ a) + (ag)* (ag — ag) + (agq?)* (ag> — ag”) +... 
+ (agr—1)" (ag — agr—) 
= att1(q—1) {1-+g2t) + g2@t) 4 g8@+D4 .,. 4 g@—-D+D}, 


The terms in the last bracket form a geometric progression with com- 
mon ratio g*+1 +. 1. If we sum this progression, we obtain for the whole 
expression the value 
ger) ] 


gay 


. 


a*+1(q— 1) 


We now replace g by its value (6/a)!/"; our sum then takes the form 


q~-1 
a+ gat+l 
Coe evi_y 


If we now let n increase without limit, the first factor retains its value. 
Since g + 1 we can use the formula for the sum of a geometric progression 
and write the second factor in the form 


1 
gett... +h 


and as the equation g = (b/a)!/" shows that g tends to 1 as n —> ©, the 
second factor will have the limit 1/(a + 1). Thus finally the value of our 
integral is given by the formula 


1 
de = —— (bet1 — go+), 
fe dz Fae (b ast), 


The above calculation is simple in principle, but somewhat compli- 
cated in detail. We shall later find that it can be entirely avoided, once 
we are better acquainted with integration theory. 


4. Integration of x", where « is any Rational Number other than—1. 


The result obtained above may be generalized considerably without 
essentially complicating the method. Let «= 1/s be a positive rational 
number, r and s being positive integers; then in the evaluation of the 
integral given above nothing is changed except the evaluation of the limit 

—Il , eee : —1 
etry as q approaches 1. This expression is now simply wy 
Let us put g'/*= +(t+ 1): then as g tends to I, + will also tend 
to 1. We have therefore to find the limiting value of a as T 
approaches 1. If we divide both numerator and denominator by + — 1 
and transform them as before the limit simply becomes 


lim eat easy ltl 
o> THe ee oe i lL 
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Since both numerator and denominator are continuous in + this limit is 
at once determined if we substitute t= 1. We thus arrive at the limit 
8 1 
r+s «a +1 
the integral formula 


1 
SE ati gat] 
[rena are (b act), 


This formula remains valid for negative rational values of «, provided 
we exclude the value « = —1 for which the formula used above for the 
sum of the geometric progression loses its meaning. We have now to 


; and so for every positive rational value of « we obtain 


: ? fs : 1 ‘ 
investigate the limit of the expression i for negative values of «, 


gti = 
say «= —r/s, To do this we put g-!/* = +; we obtain 
q= 7, gqetl = gq-@—als = r-8, 


We accordingly seek to determine the limiting value of 
ct#—-1 1—- 


Cs a ee 
We leave it to the reader to prove that this limit is again equal to 


: 1 that is, that we have the integral formula 


1 
= —— (pot — gat 
fre . if aett) 


for the general case of rational values of « either positive or negative, 
with the exception of « = —1. 

The form of the right-hand side of this equation shows that the ex- 
pression is not valid for « = —1, since both numerator and denominator 
would then be zero. 

It is natural to suppose that the range of validity of our last formula 
extends also to irrational values of «. We shall actually establish this in 
§ 7 (p. 129) by a simple passage to the limit. 


5. Integration of sinzx and cosx. 


As a last example we consider the function f(x) = sinz. This too we 
shall treat by means of a special device. We express the integral 


[sine dz 
@ 


as the limit of the following sum: 
S, = h{sin(a + h) + sin(a + 2h) +... + sin(a + nh)}, 


whore ke 2 


We multiply the right-hand bracket by 2 sin : and 
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recall the well-known trigonometrical formula 


2 sinu sinv = cos(u — v) — cos(u + v); 


provided 4 is not a multiple of 27, we thus obtain the formula 

h 00s (a-+5)—cos(a+ 3h) + c08(a-+ 3h) —cos(a+ $2) 
_h : 

2 sin _ 

m9 +...+ cos a+ *h) — cos(a + +14) 
cig feed) ole 29) 


Since a + xh = b, the integral becomes the limit of 


a ifm (e+ a) om(+3)} ash—>0. 


2 sin” 
ams 


8,= 


a sin'® 


nor know from Chapter I (p. 47) that as 4 tends to 0, the expres- 
sion psi approaches the limit 1. The desired limit is then simply 


COS @ — Ro and we thus arrive at the integral formula 


fsiaz dz = —(cosb — cosa). 


In the same way, as the reader may verify for himself, we obtain the 
formula 


ff cen de = sind — sina. 


Almost every one of these examples has been attacked by means of 
some special method or particular device. The essential point of the 
systematic integral and differential calculus is the very fact that instead 
of such special devices we utilize considerations of a general character 
which lead us directly to the desired result. In order to arrive at these 
methods we must now turn our attention to the other fundamental con- 
cept of higher analysis, the derivative. 


EXxampizs 


1. Find the area bounded by the por y = 28 + 2 + 1, the 
ordinates x == 1 and x = 3, and the z-axis. 

2. Find the area bounded by the ‘pasa els y = 42° + 1 and the straight 
line y= 3+ 0 


88 FUNDAMENTAL IDEAS (Cuap. 


3. Find the area bounded by the parabola y* = 5x and the straight 
line y= 1+ 2. 

4. Find the area bounded by the parabola y = 2? and the straight 
line y = ax + b. 

5. Using the methods in the text, evaluate the integrals 


(a) fer 1)*dz, wf sin ae dx, (0) [conc d 


where « is an arbitrary integer. 
6. Use the formule obtained in Ex. 5, along with the identities 
sin?'s = 4 — $ cos2x, costa = 4 + 4 c0s2a, to prove that 


b—a_, sin2b — sin2a 


b 
2 eda = cra 
if cos’ > + Z H 


f ig b—a_ sin2b— sin2a 
sin?’adz = — —____—_.. 
ps 2 4 


7. By use of Ex. 1, p. 28, evaluate fi dx, using division into equal 
a 


sub-intervals. 
1 
8. Evaluate if (1 — x)"dz (where ” is an integer) by expanding the 
0 
bracket. 


3. Toe DERIVATIVE 


The concept of the derivative, like that of the integral, is of 
intuitive origin. Its sources are (1) the problem of constructing 
the tangent to a given curve at a given point and (2) the problem 
of finding a precise definition for the velocity in an arbitrary 
motion. 


1. The Derivative and the Tangent. 


We shall first take up the tangent problem. If P is a point 
on a given curve (see fig. 7), we shall, in conformity with naive 
intuition, define the tangent to the curve at the point P by means 
of the following geometrical limiting process. In addition to the 
point P, we consider a second point P, on the curve. Through 
the two points P, P, we draw a straight line, a secant of the 
curve. If we now let the point P, move along the curve towards 
the point P, this secant will tend to a limiting position which is 
independent of the side from which P, approaches P. This 
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limiting position of the secant is the tangent, and the statement 
that such a limiting position of the secant exists is equivalent 
to the assumption that the curve has a definite tangent or a 
definite direction at the point P. (We have used the word “ as- 
sumption ” because we have actually made one. The hypothesis 
that the tangent exists is valid for most simple curves, but is by 
no means true for all curves, or even for all continuous curves.) 

Once we have represented our curve by means of a function 
y= f(x) the problem arises of representing our geometrical 
limiting process analytically, 
using the function f(z). We 
take the angle which a straight 
line 1 makes with the z-axis as 
being the angle through which 
the positive z-axis must be 
turned in the positive direction* 
in order to become for the first 
time parallel to the line 1. Let 
a, be the angle which the 
secant PP, forms with the 
positive a-axis (cf. fig. 7) and a the angle which the tangent 
forms with the positive z-axis. Then if we disregard the case of 
a perpendicular tangent we obviously have 

lim a, =a, 


Pi—>P 


0 


Fig. 7.—Chord and Tangent 


where the meaning of the symbols is perfectly clear. If x, y(=f(z)) 
and 2, ¥;(= f(z,)) are the co-ordinates of the points P and P, 
respectively, we immediately have + 


tana, = 41 ¥ ft) ~F(2), 
7 ad %— & 


and thus our limiting process is represented by the equation 
tim) —S) _ tang 


moe Ty —o% 


* That is, in such a direction that a rotation of 7/2 brings it into coincidence 
with the positive y-axis; in other words, counter-clockwise. 
} In order that this equation may have a meaning, we must assume that 
0 < |x — x,| < 5,8 being chosen sufficiently small. In what follows, corre- 
sponding assumptions will often be made tacitly in the steps leading up to 
limiting processes. 
ae (8798) 
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The expression 
f(@) —f@) _m—y_ Ay 


———— Se Et 


4— 2 %—xz Az 


we call the difference quotient of the function y = f(z), since the 
symbols Ay and Aw denote the differences of the function 
y = f(z) and of the independent variable x. (Here, as on p. 79, 
the symbol A is an abbreviation for difference, and is not a factor.) 
The tangent of a, the direction angle of the curve,* is therefore 
equal to the limit to which the difference quotient of our function 
tends when 2, tends to 2. 

We call this limit the derivative + of the function y = f(z) 
at the point « and, as Lagrange did, use the symbol y’ = f’(z) to 


denote it, or, as Leibnitz did, the symbol } %y or (2) or ¢ S(@). 
x xe 


On p. 100 we shall discuss the meaning of Leibnitz’s notation in 
more detail; here we would point out that the notation f’(x) 
expresses the fact that the derivative is itself a function of 2, 
since it has a definite value for each value of x in the interval 
which we are considering. This fact is sometimes emphasized by 
the use of the terms derived function, derived curve (see p. 99). 
We again quote the definition of the derivative: 


> 


ma—>x Lz 


or 
dy f(z) pry __ a f(t) — f(a) __ Ay 
Far ome aaah ty — & eae 
h—>0 h 


where in the last expression we have replaced 2, by x + h. 

It is impossible to find the derivative merely by putting 
%, = x in the expression for the difference quotient, for then the 
numerator and denominator would both be equal to 0 and we 


* The slope or gradient of the curve is given by tana, and hence the term 
pai is occasionally used for the derivative of the function represented by 
the curve. 


; t The term differential coefficient is also used, particularly in the older text- 
ooks. 


t Cauchy's notation Df(zx) is also occasionally found in the literature, 
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should be led to the meaningless expression 0/0. On the con- 
trary, the actual performance of the passage to the limit in each 
individual case depends upon certain preliminary steps (trans- 
formation of the difference quotient). 

For example, for the function f(a) = x? we have* 


f@)—f@ _ «2-2 


=%+%. 
Y—- z Ly — 2 


oe 
This function 2, -+ # is not the same function as “ 


uy 


: a) 
x, + x is defined at one point where the quotient 7 = is undefined, 


ai for the function 
2 


namely, the point 2, = 2. For all other values of x, the two functions 
are equal to one another; hence in the above passage to the limit, in 
which we specifically required that x, + 2, we obtain the same value 
for lim % — as for lim (2; + 2). But since the function 2, + 2 is de- 
type ty — 2 ty —>2 

fined and continuous at the point z,= 2, we can do with it what we could 
not do with the quotient, namely, pass to the limit by simply putting x, = 2. 
For the derivative we then obtain the expression 


f(z) = T) — 20, 


The carrying out of such a process, i.e. the actual formation of 
the derivative, is called the differentiation of the function f(z). 
We shall see later how this process of differentiation can 
actually be carried out in all important cases. 

Now the fact that the problem of differentiating a given 
function has a definite meaning apart from the geometrical 
intuition of the tangent is of great significance. The reader 
will recall that in the case of the integral we freed ourselves 
from the geometrical intuition of area, and on the contrary based 
the notion of area on the definition of the integral. Now, inde- 
pendently of the geometrical representation of a function 
y = f(x) by means of a curve, we shall define the derivative of 
the function y = f(x) as being the new function y’ = f(z) given 
by the equation above, provided always that the limit of the 
difference quotient exists. If this limit exists we say that the 
function f(x) is differentiable. From now on we shall assume that 
every function dealt with is differentiable unless specific men- 


* Cf. p. 89, second footnote. 
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tion is made to the contrary.* It should be observed that if the 
function f(x) is to be differentiable at the point x the limit as 


h-— 0 of the quotient fet =f) must exist independently 


of the manner in which h tends to 0, whether it be through positive 
values or through negative values or without restriction as to 
sign. 

Once we have found the derivative f’(z), we take the direction 
which makes an angle a with the positive z-axis given by the 
equation tana = f’(x) as the direction of the tangent to the 
curve at the point (x, y). We thus avoid the difficulties which 
arise out of the indefiniteness of the geometrical view, since we 


(2) 


1) iE 6) 


Fig. 8.—Tangents to graphs of increasing and decreasing functions 


base the geometrical definition on the analytical and not vice 
versa. 

Nevertheless, the visualization of the derivative as the tangent 
to the curve is an important aid to understanding, even in purely 
analytical discussions. Accordingly we shall at once accept the 
following statement based on geometrical intuition: 

If f(x) 1s positive and the curve is traversed in the direction of 
imereasing x, then the tangent slants upwards, and therefore at the 
point in question the curve rises as x increases; if, on the other hand, 
f'(x) ts negative, the tangent slants downwards and the curve falls 
as X wnereases (see fig. 8). Analytically this follows from the 


remark that the limit of. Leth fe) cannot be positive 
unless the function is increasing at the point 2, by which we 


* Examples of cases in which this assumption is not satisfied will be given 
later (see p. 97). 
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mean that for all values of h sufficiently close to 0 the value of 
J (z+ h) is greater or smaller than J (x) according as h is positive 
or negative. We can, of course, make a corresponding statement 
for the case where f’ (z) is negative. 


2. The Derivative as a Velocity. 


Just as naive intuition led us to the notion of the directior, 
of the tangent to a curve, so it causes us to assign a velocity to a 
motion. The definition of velocity leads us once again to exactly 
the same limiting process as we have already called differentia- 
tion. 

Let us consider, for example, the motion of a point on a 
straight line, the position of the point being determined by a 
single co-ordinate y. This co-ordinate y is the distance, with its 
proper sign, of our moving point from a fixed point on the line. 
The motion is given if we know y as a function of the time t, 
y=f(). If this function is a linear function S()=cd-+ 4, we call 
the motion a uniform motion with the velocity c, and for every pair 
of values ¢ and t, which are not equal to one another we can write 


ef) FO 
4—t 

The velocity is therefore the difference quotient of the function 
c+ b, and this difference quotient is completely independent 
of the particular pair of instants which we fix upon. But what 
are we to understand by the velocity of motion at an instant ¢ 
if the motion is no longer uniform? 

In order to arrive at this definition we consider the difference 
quotient fa) — 40, which we shall call the average velocity in 

= 
the time interval between ¢, and ¢t. If now this average velocity 
tends to a definite limit when we let the instant t, come closer 
and closer to ¢, we shall naturally define this limit as the velocity 
at the time ¢. In other words: the velocity at the time t is the deri- 
vatiwe 
; : — ft 
f= timfO—fO 
ae Gt 

From this new meaning of the derivative, which in itself has 

nothing to do with the tangent problem, we see that it really is 
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appropriate to define the limiting process of differentiation as a 
purely analytical operation independent of geometrical intuitions. 
Here again the differentiability of the position-function is an 
assumption which we shall always tacitly make, and which, in 
fact, is absolutely necessary if the notion of velocity is to have 
any meaning. 

As a simple example of the connexion between motion and velocity 
we consider the case of a freely falling body. We begin with the experi- 
mentally established law that the distance traversed in time ¢ by a freely 


falling body is proportional to é, and therefore can be represented by a 
function of the form 


y= f(t) = at. 


As on p. 91, we find immediately that the velocity is given by the ex- 
pression f’(t) = 2at, which shows us that the velocity of a freely falling 
body increases in proportion to the time. 


3. Examples. 


We now proceed to work out a number of examples of the actual dif- 
ferentiation of functions. We begin with the function y = f(x) = c, where 
c is a constant. It is then always true that f(z + h) — f(z) =c—c=0, 


so that lim fers = 0; that is, the derivative of a constant is zero. 
h—>0 
For a linear function y = f(x) = cz + 6, we find that 
tim LET ML) _ tin 


a—>o h—>o 


=¢c. 


Further, we shal) differentiate the function 
y= f (x) = 2%, 
at first assuming that a is a positive integer. Provided 2, + 2, we have 


f(%) — f(z) _ %* — 2 
%—2 a— a’ 


the right-hand side of this equation is equal to x,°-! + 2,°~82 +...+ 2°71, 
as we see either by direct division or by using the formula for the sum of 
a geometric progression. The new expression for the right-hand side of 
the equation is a continuous function, and so we can carry out the passage 
to the limit (7, —> x) by simply replacing x, everywhere by x. Each term 
is then 2*—1, and since the number of terms is exactly «, we obtain 

(2*) 


¥ =f) = 2 = ae, 
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We arrive at the same result if o is a negative integer ~8; we must, 
however, assume that z is not zero. We then find that 


1 1 
fle)—f@)_ ah A _ oof 1 
wy—2 %—2 x— a, “ay,8 
PAE Mt et oe 


27,88 7 


Once again we can carry out the passage to the limit simply by replacing 
x, everywhere by z Then just as above we obtain for the limit the 
expression 


Hence for negative integral values of « the derivative is again given by 
y = art, 


Finally, we shall prove the same formula where z is positive and « any 
rational number. We suppose that « = p/g, where p and q are both in- 
tegers and, moreover, positive. (If one of them were negative no essential 
changes in the proof would be needed; for « = 0 the result is already 
known, since 2* is then constant.) We now have 

Sle) — f(a) _ are — ae 


a — 2 ay— 2 
If we now put 2" = & and a," = £,, we obtain 


L(es) fiz) xP — BP Ett EP ME +. te 
m—e EF Fd Fei eee pea 


After this last transformation we can immediately perform the passage 
to the limit (x, + 2 or, what amounts to the same thing, &, —> &), and thus 
obtain for the limiting value the expression 
ee grt P gr-e — Pyare _ P ypae-1, 
qe g q q 
or finally 
f(@) =o = ox, 


which is formally the same result as before. We leave it for the reader to 
prove for himself that the same differentiation formula holds for negative 
rational indices also. We shall come back (p. 130) to the differentiation of 
powers once we have developed the theory in a more connected form. 

As a further example we finally consider the differentiation of the 
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trigonometric functions, sinz and cosz. We use the elementary trigono- 
metrical formula 


sin (x + h) — sine __ Sinz cosh + cosx sinh — sing 
4 h 


cosh — 


sinh 


= sing I + cer a . 


Now from Chapter I, § 7 (pp. 47-48), we know that 
lim a tin t= d 6: 


aro h h—>0 


For the required derivative we thus immediately obtain 


= cosz,. 


__ d(sinz) 
Maa as 


The function y = cosx can be differentiated in exactly the same way. 
Starting with 


cos(z + h) — cosa _ cos x 208” =1.. die sinh 
h h h’ 
and taking the limit as h -> 0, we at once obtain the derivative 
y= — = —sinz, 


4, Some Fundamental Rules for Differentiation. 


Just as in the case of the integral, certain simple but funda- 
mental rules for forming the derivative follow immediately from 
-the definition. If $(z) = f(x) + g(x), then ¢' (x) =: f' (x) + g'(z); 
again, if (x) = ¢f(x) (where c is a constant), then x'(x) = cf’(z). 
For we have 


$e+h—$@)_f@+M—S@) , gle+h)—gla) 
h h = h 


and 
veth—$@)_ fe+h—fe@) 
h h , 


and our statements follow directly by passage to the limit. 
According to these rules, for example, the derivative of the 
function ¢(x) = f(x) + ax-+ 6 (where a and 6 are constants) is 
given by the equation 
$ (2) =f" (2) +a. 
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5. Differentiability and Continuity of Functions. 


Tt is useful to note that if we know that a function can 
be differentiated we need not give any special proof of its 
continuity. 

If a function is differentiable, then it is necessarily continuous. 


For if the difference quotient fet hfe) approaches a 


definite limit as A tends to zero, the numerator of the fraction, 
that is, f(x + h) — f(x), must tend to zero with A; and this fact 
expresses the continuity of 
the function f(z) at the 
point x. 

The converse of this, 
however, is absolutely false; 
it is not true that every con- 
tinuous function has a de- 
rivative at every point. The 
simplest example disprov- 
ing this assumption is the 
function f(x) = | «|, ie. f(v) = —x for <0 and f(x) = @ for 
z 2 0; its graph is shown in fig. 9. At the point z= 0 this 
function is continuous, but has no derivative. The limit of 


f@+ He (2) is equal to 1 if h tends to 0 through positive 


[e) 
Fig. 9.—~ f(x) =| | 


values, and is equal to —1 if A tends to zero through negative 
values; if we do not restrict the sign of h, no limit exists. We 
say that our function has different right-hand and left-hand 
derwatives at the point x, where by right-hand derivative and 
left-hand derivative we mean respectively the limiting values of 


f@+h)—f@) 
h 


and negative values only. The differentiability of a function thus 
requires not merely that the right-hand and left-hand derivatives 
exist, but that they are equal. Geometrically the inequality 
of the two derivatives means that the curve has a sharp 
corner. 

As further examples of points where a continuous function is 
not differentiable we consider the points where the derivative 
becomes infinite, ie. the points at which there exists neither a 


as h approaches 0 through positive values only 
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right-hand nor a left-hand derivative, the difference quotient 

f@+h) — f(z) 
h 

example, the function y = f(z) = +/z = a is defined and con- 

tinuous for all values of x. For all non-zero values of x its deri- 

vative is given (p. 95) by the formula y’ = 32#. At the point 

fl@th—f()_h 
h 


= h-*, and we see at once 


increasing beyond all bounds as h->0. For 


z= 0 we have 


that as h > 0 the expression has no limiting value, but, on the 
contrary, tends to ©. This state of affairs is often briefly de- 
scribed by saying that the function possesses an infinite deri- 


Fig. 10 Fig, 12% 


vative, or the derivative 0, at the point in question; we should 
remember, however, that this merely means that as h tends to 0 
the difference quotient increases beyond all bounds, and that the 
derivative in the sense in which we have defined it really does 
not exist. The geometrical meaning of an infinite derivative is 
that the tangent to the curve is vertical (cf. fig. 10). 

The function y= f(x) = 4/2, which is defined and con- 
tinuous for z = 0, is also non-differentiable at the point «= 0. 
Since y is undefined for negative values of 2, we here ae 


f(h) — cf (0) 
= 


shows us that this derivative is infinite; the curve eee the 
y-axis at the origin (fig. 11). 

Finally, in the function y= 7/2? = x! we have a case in 
which the right-hand derivative at the point z= 0 is positive 


the right-hand derivative only. The equation ——__--~ 
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and infinite, while the left-hand derivative is negative and 
infinite, as follows from the relation 
f(t) ~F(0)_ 1. 
h Vh 
As a matter of fact, the 
continuous curve y= zt, 
the so-called semi-cubical 
parabola or Netl’s para- 
bola, has at the origin a 
cusp perpendicular to the 
a-axis (cf. fig. 12). Fig. 12.—Cusp 


6. Higher Derivatives and their Significance. 


The derivative f’(x) of a function is itself a function of 2, 
the graph of which we call the derived curve of the given curve. 
For example, the derived curve of the parabola y= 2? is a 


Fig. 13.—-Derived curves of sinx and cos” 


straight line, represented by the function y= 2a. The derived 
curve of the sine curve y= sinz is the cosine curve y = cosz; 
similarly, the derived curve of the curve y = cosz is the curve 
y=-—sing. (Any of these latter curves can be obtained from 
the others by translation in the direction of the z-axis, as is 
shown in fig. 13.) 
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It is now quite a natural step to form the derived curves 
of the derived curves, i.e. to form the derivative of the function 
f'@) = ¢(z). This derivative 


Hoe) — Vm FEA —Sf' (2) 
$0) 


provided that it really exists, we shall call the second derivative 
of the function f(x), and we shall denote it by f’(z). 

Similarly, we may attempt to form the derivative of f(z), 
the so-called third derwative of f(x), which we then denote by 
S’’(«). In the case of most functions of importance there is noth- 
ing to hinder us from imagining this process repeated as many 
times as we like, and from thus defining an n-th derivative f(a). 
Occasionally it will be convenient to call the function f(z) its 
own 0-th derivative.* 

If the independent variable is interpreted as the time ¢ and 
the motion of a point is represented by means of the function 
J), the physical meaning of the second derivative is found to 
be the velocity with which the velocity f’(t) changes, or, as it is 
usually called, the acceleration. Later (pp. 158-159) we shall 
discuss the geometrical interpretation of the second derivative in 
detail. Here, however, we may note the following facts: ata 
point where f’(x) is positive, f’(x) increases as x increases; if, on 
the other hand, f(x) is negative, f’(x) decreases as a increases. 


7. The Derivative and the Difference Quotient. 


The fact that in the limiting process which defines the deri- 
vative the difference Ax tends to 0 is sometimes expressed by 
saying that the quantity Ax becomes infinitely small. This expres- 
sion indicates that the passage to the limit is regarded as a pro- 
cess during which the quantity Az is never zero, yet approaches 
zero as Closely as we please. In Leibnitz’s notation the passage 
to the limit in the process of differentiation is symbolically ex- 
pressed by replacing the symbol A by the symbol d, so that we 
can define Leibnitz’s symbol for the derivative by the equation 

dy _ lim Ay 


dz ax->oAx 


* The terms second, third,..., n-th differential coefficient are also used; cf. 
second footnote, p. 90. 
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If, however, we wish to obtain a clear gtasp of the meaning of 
the differential calculus we must beware of regarding the deri- 
vative as the quotient of two quantities which are actually 


“infinitely small”, The difference quotient = absolutely must 


be formed with differences Az which are not equal to 0. After 
the forming of this difference quotient we must imagine the 
passage to the limit carried out by means of a transformation or 
some other device. We have no right to suppose that first Ax 
goes through something like a limiting process and reaches a 
value which is infinitesimally small but still not 0, so that Ax 
and Ay are replaced by “ infinitely small quantities ” or “ in- 
finitesimals ” da and dy, and that the quotient of these quanti- 
ties is then formed. Such a conception of the derivative is in- 
compatible with the clarity of ideas demanded in mathematics; 
in fact, it is entirely meaningless. For a great many simple- 
minded people it undoubtedly has a certain charm, the charm of 
mystery which is always associated with the word “ infinite ae 
and in the early days of the differential calculus even Leibnitz 
himself was capable of combining these vague mystical ideas 
with a thoroughly clear understanding of the limiting process. 
It is true that this fog which hung round the foundations of the 
new science did not prevent Leibnitz or his great successors 
from finding the right path. But this does not release us from 
the duty of avoiding every such hazy idea in our building-up 
of the differential and integral calculus. 

The notation of Leibnitz, however, is not merely attractive 
in itself, but is actually of great flexibility and the utmost 
usefulness. The reason is that in many calculations and formal 
transformations we can deal with the symbols dy and dx 
in exactly the same way as if they were ordinary numbers. They 
enable us to give neater expression to many calculations which 
can be carried out without their use. In the following pages 
we shall see this fact verified over and over again, and shall 
find ourselves justified in making free and repeated use of it, 
provided we do not lose sight of the symbolical character of 
the signs dy and dz. 

For the second and higher derivatives also Leibnitz has 
devised a notation of great suggestiveness and practical utility. 
He thinks of the second derivative as the limit of the “ second 
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difference quotient ” in the following manner. In addition to 
the variable « we consider 2, =2-+h and a,—2+2h. We 
then take the second difference quotient as meaning the first 
difference quotient of the first difference quotient, ie. the ex- 
pression 


ves Ee | 
i(#>" Sian a ") = — nt, 


where y= f(x), y, =f (2), and y,= f(z). If we also write 
h= Ag and y, — y, = Ay, y, — y = Ay, we may appropriately 
call the expression in the last bracket the difference of the differ- 
ence of y or the second difference of y and write symbolically * 


Ya — 24, + y= Ay, — Ay = A(Ay) = A*y. 
In this symbolic notation the second difference quotient is then 
; A®y 
mnie (Aah 
while in the numerator the number 2 symbolically denotes the 


repetition of the difference process. This symbolism for the 
difference quotient t+ led Leibnitz to introduce the notation 


, where the denominator is really the square of Az, 


ae vt d ait wet a 
v= f= y"=rr@=Fh bo, 
for the second and higher derivatives, and we shall find that this 
notation also stands the test of use. 


8. The Mean Value Theorem. 


Between the derivative ow = f(x) and the difference quotient 


there exists a simple relation which is important for many 
purposes. This relation is known as the mean value thcorem, 


* Here AA = A® is not a square, but merely a symbol for “ difference of 
difference ” or * gecond difference ”’, 


+ We must emphasize that the statement that the second derivative may be 
represented as the limit of the second difference quotient requires proof. For 
we previously defined the second derivative, not in this way, but as the limit 
of the first difference quotient of the first derivative. In actual fact, the 
two definitions are equivalent, provided the second derivative is continuous; the 
proof, however, is not given, as we have no particular need of it here. 
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and is obtained in the following way. We consider the difference 


quotient 
S(t) — f(@) = Af 
% — Le Az 


of a function f(x), and assume that the derivative exists every- 
where in the interval x, < 2 < 24, so that the graph of the curve 
has a tangent everywhere. The 
difference quotient will be re- 
presented by the direction of the 
secant (see fig. 14); it is, in fact, 
the tangent of the angle a shown 
in the figure. Let us imagine 
this secant shifted parallel to 
itself. At least once it will reach 
® position in which it is a tangent 
to the curve at a point between 0 xzrs’s Tp x 
%, and 2, namely, at the point Fig. 14—To eee 
of the curve which is at the 

greatest distance from the secant. Hence there will be an inter- 
mediate value ¢ such that 


L(%) — f(@2) =f'(é). 
ay ey 


This statement is called the mean value theorem of the differential 
calculus. We can also express it somewhat differently by noticing 
that the number é may be written in the form 


&= 2, + O(a, — x), 


where 6 is a certain number between 0 and 1. In applications of 
the mean value theorem we shall often find that @ cannot be 
more accurately determined than this, but it will usually turn 
out that a more accurate value is not needed. When accurately 
formulated, then, the mean value theorem runs as follows: 

If f(x) is continuous in the closed interval x,<x <x, and 
differentiable at every point of the open interval x, <x < X,, then 
there is at least one value 0, where 0 <6 <1, such that 


Mate —fa) =f’ {t+ O(ty— %)}. 
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If we replace 2, by x and z, by z+ h, we can express the 
mean value theorem by the formula 


(et NSO _ pQ=sfet om, w<b<2th 


We wish to emphasize that while it is essential that f(x) 
should be continuous for all points of the interval, including the 
end-points, we need not assume that the derivative exists at 
the end-points. This apparently trivial remark is actually useful 
in many applications. 

If at any point in the interior of the interval the derivative 
fails to exist, the mean value theorem is not necessarily true. 
This is shown by the example 
. f(z) =|], p. 97. 

We can complete our intuitive 
argument by the following con- 
siderations. There is at least one 
point P on the curve which has 
the greatest possible distance from 
; the chord joining the points on the 
Fig. 15-— To illustrate the mean curve whose abscisse are @, and 
2%, (see fig. 15). At this point the 

curve by hypothesis has a definite tangent. We shall now 
prove that this tangent must be parallel to the chord. By 
definition the tangent is the limiting position of the secant 
and is obtained by joining P to a point @ on the curve 
and letting the point Q move towards P. Since by hypothesis 
Q is not farther from the chord than P, the line PQ produced 
in the direction P to Q must either cut the chord or run parallel 
to it; and this must be the case, no matter on which side of P 
the point Q lies. This, however, is only possible if the limiting 
position is parallel to the chord. If we denote the abscissa of the 
point P by the letter £, the slope f’(£) of the tangent at P is then 


equal to the slope of the chord, Mente ; hence for the number 


ay 22 =x 


é in the theorem we may simply take the abscissa of P. 

The rigorous proof of the mean value theorem is usually 
developed in the following way. We first establish Rolle’s 
theorem, which is a special case of the mean value theorem: 

Tf a function (x) 1s continuous in the closed interval x, x Sx, 
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and differentiable in the open interval x,<x<x,, and uf in 
addition $(X;) = 0 and (x) = 0, then there exists at least one 
point € in the interior of the interval at which $'(€) = 0. 

In fact, there must be at least one point £, interior to the 
interval, at which the function ¢(x) takes on its greatest or its 
least value (cf. Chap. I, Appendix I, § 2, p. 63); to be specific, 
we assume that ¢ is a point where ¢(¢) is a maximum, so that 
for every x in the interval ¢(x) < 4(€). Then for every number 
h whose absolute value | | is small enough it is certainly true 
that £(£) — d(€ +A) [0. If his positive, 


$E+h—$(8 —o, 
h = > 


we now let h tend to zero through positive values and 
obtain ¢/(€)<0. If, on the other hand, A is negative, 


Heya 96) = 0, and thus by letting h tend to zero 
through negative values we obtain ¢/(£) > 0; comparing this 
with the preceding inequality, we see that ¢'(£)= 0, which 


establishes our theorem. 
We now apply Rolle’s theorem to the function * 


$(2) =f (2) — fle, — = - {F(@) — f(a) }. 


x. 


This function obviously satisfies the condition $(2,) = $(%_) = 0, 
and is of the form 4(x) = f(a) + ax + b with constant coefficients 


= — fa) = fe) and 6. By p. 96, we know that 
= 
¢'(z) =f'(z) +4, 

and thus by Rolle’s theorem we have 

O= (= f(A) +a 
for a suitably chosen intermediate value ¢; hence 

f()=—a _ (22) — Fm) 
Ty — % 

and the mean value theorem is proved. 


* This function, apart from a factor independent of z, is the distance of the 
Pout (x, f(z)) of the curve from the secant; the reader can easily verify this 
‘or himself. 
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As the first of many applications of the mean value theorem we shall 
prove the following. Let the function £(x) be continuous in the closed interval 
as x<b and have a derivative f(x) at every point of the open interval 
a<x<b. Then if f(x) is positive everywhere in a <x < b, the function 
f(x) #s monotonic increasing in the interval aS xb; and likewise if 
f(x) is negative in a < x <b, then f(x) ts monotonic decreasing. 

We shall prove the first statement; the second can be proved in 
a similar way. Suppose that f’(x) > 0, and let x, and z, > x, be any two 
values of x in the closed interval. Then by the mean value theorem 


SF (a2) — f(%1) = (a — 4) f(8), 


where x, < & <2,. Since both factors on the right are positive, this 
proves that f(z.) > f(z,); hence f(x) is monotonic increasing. 


9. The Approximate Representation of Arbitrary Functions by 
Linear Functions. Differentials. 


The equation lim fer hase) = f'(x) defining the deri- 
h->0 


vative is equivalent to the equations 
fat h)—f@)=hf') + eh 
ory + Ay=fle+ Ae) =f(e) +f") Act As, 


where ¢ is a quantity which tends to zero with h= Az. If 
for the moment we think of the point x as fixed and the incre- 
ment Az as variable, then by this formula the increment of the 
function, that is, the quantity Ay, consists of two terms, namely, 
a part hf’(x) which is proportional to h, and an “error” which 
can be made as small as we please relative to h by making h 
itself small enough. Thus the smaller the interval about the 
point « which we consider, the more accurately is the function 
f (z+ h) (which is a function of h) represented by its linear part 
f(z) + hf'(x). This approximate representation of the function 
f(z-+h) by a linear function of / is expressed geometrically by 
the substitution for the curve of its tangent at the point 7. Later, 
in Chapter VII, we shall consider the practical application of 
these ideas to the performance of approximate calculations. 

Here we merely remark in passing that it is possible to use 
this approximate representation of the increment Ay by the 
linear expression hf‘(x) to construct a logically satisfactory 
definition of the notion of a “ differential”, as was done by 
Cauchy in particular. 
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While the idea of the differential as an infinitely small quan- 
tity has no meaning, and it is accordingly futile to define the 
derivative as the quotient of two such quantities, we may still 
try to assign a sense to the equation f’(z) = dy/dz in such a way 
that the expression dy/dx need not be thought of as purely 
symbolic, but as the actual quotient of two quantities dy and dz. 
For this purpose we first define the derivative f’(x) by our limit- 
ing process, then think of xv as fixed and consider the increment 
h = Az as the independent variable. This quantity h we call 
the differential of x, and write h= dx. We now define the ex- 
pression dy = y'da = hf'(x) as the differential of the function y; 
dy is therefore a number which has nothing to do with infinitely 
small quantities. So the derivative y 
y = f(z) is now really the quotient 
of the differentials dy and dz; but 
in this statement there is nothing 
remarkable; it is, in fact, merely 
a tautology, a restatement of the 
verbal definition. The differential 
dy is accordingly the linear part of 
the increment Ay (see fig. 16). 

We shall not make any im- ~ 5, i¢-The diterential ay 

mediate use of these differentials. 
Nevertheless, it may be pointed out for the sake of completeness 
that we may also form second and higher differentials. For if 
we think of h as chosen in any manner, but always the same 
for every value of x, then dy = hf’(x) is a function of x, of which 
we can again form the differential. The result will be called 
the second differential of y, and will be denoted by the symbol 
dy = df(z). The increment of hf'(x) being h{ f(z + h) — f(z}, 
the second differential is obtained by replacing the quantity in 
brackets by its linear part Af"(z), so that d?y = hf''(x). We 
may naturally proceed further along the same lines, obtaining 
third, fourth, ... differentials of y,-&c., which can be defined 
by the expressions /8f’"(x), h4f*°(a), and so on. 


10. Remarks on Applications to the Natural Sciences. 

In the applications of mathematics to natural phenomena 
we never have to deal with sharply defined quantities. Whether 
a length is exactly a metre is a question which cannot be decided 
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ce 


by any experiment and which consequently has no “ physical 
meaning”, Again, there is no immediate physical meaning in say- 
ing that the length of a material rod is rational or irrational; we 
can always measure it with any desired degree of accuracy in 
rational numbers, and the real matter of interest is whether or 
not we can manage to perform such a measurement using rational 
numbers with relatively small denominators. Just as the ques- 
tion of rationality or irrationality in the rigorous sense of “ exact 
mathematics ’’ has no physical meaning, so the actual carrying 
out of limiting processes in applications will usually be nothing 
more than a mathematical idealization. 

The practical significance of such idealizations lies chiefly 
in the fact that if they are used all analytical expressions 
become essentially simpler and more manageable. For example, 
it is vastly simpler and more convenient to work with the 
notion of instantaneous velocity, which is a function of only 
one definite time-instant, than with the notion of average 
velocity between two different instants. Without such idealiza- 
tion every rational investigation of nature would be condemned 
to hopeless complications and would break down at the very 
outset. 

We do not intend, however, to enter into a discussion of the 
relationship of mathematics to reality. We merely wish to 
emphasize, for the sake of our better understanding of the theory, 
that in applications we have the right to replace a derivative 
by a difference quotient and vice versa, provided only that the 
differences are small enough to guarantee a sufficiently close 
approximation. The physicist, the biologist, the engineer, or 
anyone else who has to deal with these ideas in practice, will 
therefore have the right to identify the difference quotient 
with the derivative within his limits of accuracy. The smaller 
the increment h = dz of the independent variable, the more 
accurately can he represent the increment Ay = f(x + h) — f(a) 
by the differential dy = hf’(x). So long as he keeps within the 
limits of accuracy required by the problem, he is accustomed 
to speak of the quantities dx = h and dy = hf’(z) as “ infinitesi- 
mals”. These “ physically infinitesimal” quantities have a 
precise meaning. They are finite quantities, not equal to zero, 
which are chosen small enough for the given investigation, 
e.g. smaller than a fractional part of a wave-length or smaller 
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than the distance between two electrons in an atom; in general, 
smaller than the degree of accuracy required. 


ExamMpies 


1.* Replace the statement “ At the point z= & the function f(z) is 
not differentiable” by an equivalent statement not using any form of 
the word “ differentiable ”. 


2. Differentiate the following functions directly by using the de- 
finition of the derivative: 


1 1 1 
(a) eat (b) ape (c) eT (d) ioe 
(e) sin3z. (f) cosaz. (g) sin? x. (h) cosa, 


3. Find the intermediate value & ot the mean value theorem for the 
following functions, and illustrate graphically: 


(a) 2x. (b) a. (c) Ba® + 2x. (d) 1/(a® + 1). (e) x8, 
4. Show that the mean value theorem fails for the following functions 
when the two points are taken with opposite signs, e.g. 2, = —1, 4, = 1: 
(a) Ife. (b) {a}. (c) 27, 


Illustrate graphically, and compare with the previous example, 


4. Tur [npermtre Intecrat, Tae PRIMitive FuNcTION, AND 
THE FUNDAMENTAL THEOREMS OF THE DIFFERENTIAL AND 
INTEGRAL CALCULUS. 


As we have already mentioned above, the connexion between 
the problem of integration and the problem of differentiation is 
the corner-stone of the differential and integral calculus. This 
connexion we will now study. 


1. The Integral as a Function of the Upper Limit. 


The value of the definite integral of a function f(x) depends on 
the choice of the two limits of integration a and b. It is a func- 
tion of the lower limit a as well as of the upper limit 6. In order 
to study this dependence more closely we imagine the lower 
limit @ to be a definite fixed number, denote the variable of in- 
tegration no longer by z but by wu (cf. p. 82), and denote the upper 
limit by z instead of 6 in order to suggest that we shall let the 
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upper limit vary and that we wish to investigate the value of 
the integral as a function of the upper limit. Accordingly, we 
write 


i ” f(u)du = © (2). 


We call this function O(x) an indefinite integral of the function 
y f(z). When we speak of an and 
not of the indefinite integral, we 
suggest that instead of the lower 
fray limit @ any other could be chosen, 
in which case we should ordi- 
narily obtain a different value 
for the integral. Geometrically 
the indefinite integral for each 
value of x will be given by the 
O a z % area (shown by shading in fig. 17) 
Fig. 17 under the curve y=f(u) and 
bounded by the ordinates u =a 
and u= 2, the sign being determined by rules given earlier 
(p. 81). 
If we choose another lower limit a in place of the lower limit 
a, we obtain the indefinite integral 


V(x) =f" f udu. 
The difference Y'(x) — D(x) will obviously be given by 


ff fan, 


which is a constant, since a and @ are each taken as fixed given 
numbers. Therefore 


Y (x) = O(z) + const.; 
Different indefinite integrals of the same function differ only 
by an additive constant. 


We may likewise regard the integral as a function of the lower 
limit, and introduce the function 


$a) =f f(u)du, 


in which 5 is a fixed number. Here again two such in- 
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tegrals with different upper limits 6 and f differ only by an 
additive constant f : S(u)du. 
b 


2. The Derivative of the Indefinite Integral. 
We will now differentiate the indefinite integral ®(z) with 
respect to the variable z. The result is the following theorem: 
The indefinite integral 


(2) =f" f(u)du 


of a continuous function (x) always possesses a derivative ®’ (x), 
and, moreover, 


®' (x) = f(x); 


that is, differentiation of the indefinite integral of a given con- 
tinuous function always gives us back that same function. 


¥ 


0 a LiL, AyXIh x 
Fig. 18.—Differentiation of the indefinite integral 


This ts the root idea of the whole of the differential and integral 
calculus. The proof follows extremely simply from the inter- 
pretation of the integral as an area. We form the difference 
quotient 

®(z + h) — D(z) 
h EJ 


and observe that the numerator 
P(x + h) — B(z) =f" feayau— f° ferdu= fr" poyan 


is the area between the ordinate corresponding to x and the 
ordinate corresponding to z+ h. 

Now let x be a point in the interval between x and x -+- h at 
which the function f(x) takes its greatest value, and 2 a point 
at which it takes its least value in that interval (cf. fig. 18). 
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Then the area in question will lie between the values hf (x) and 
hf (a,), which represent the areas of rectangles with the interval 
from x to «+ A as base and f(a») and f(x,) respectively as alti- 
tudes. Expressed analytically, 


flo) ZPE TNO) 3 Ha) 


This can also be proved directly from the definition of the in- 
tegral without appealing to the geometrical interpretation.* 
To do this we write 


+h n 
[O feadu= im Ef(u,) du, 


where ty = %, Uy, Ug, +--+, Un = 2+ h are points of division of 
the interval from x to x-++ h, and the greatest of the absolute 
values of the differences Au, = u, — u,_, tends to zero as n 
increases. Then Au,/h is certainly positive, no matter whether 
his positive or negative. Since we know that f(%) =f(u,) = f(a) 
and since the sum of the quantities Au, is equal to h, it follows 
that 


fle) BF Eflu) du, 2 fla 


and thus if we let n tend to infinity we obtain the inequalities 
stated above for 


if fea or Pet hee) 


If h now tends to zero, both f(x) and f(x,) must tend to the 
limit f(z), owing to the continuity of the function. We therefore 
see at once that 


oO’ (a) Barrera Sere) = F(x), 


as stated by our theorem. 

Owing to the differentiability of ®(x), we have the following 
theorem, by § 3, No. 5, p. 97: 

The integral of a continuous function f(x) is itself a continuous 
Junction of the upper limit. 


* Compare also the later discussion on p. 127. 
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For the sake of completeness we would point out that if we 
regard the definite integral not as a function of its upper limit 
but as a function of its lower limit, the derivative is not equal 
to f(z), but is instead equal to —f(z). In symbols: if we put 


ba) =f" fwrdu, 


then ¢’ (x) = — f(z). 
The proof follows immediately from the remark that 


f(ujdu=—] f(udu. 
FP b 


3. The Primitive Function; General Definition of the Indefinite 
Integral. 


The theorem which we have just proved shows us that the 
indefinite integral (x) at once gives the solution of the follow- 
ing problem: given a function f(x), to determine a function F(x) 


such that 
F(t) =f(@). 


This problem requires us to reverse the process of differentiation. 
It is a typical inverse problem such as occurs in many parts of 
mathematics and such as we have already found to be a fruitful 
mathematical method for generating new functions. (For ex- 
ample, the first extension of the idea of natural numbers was 
made under the pressure of the necessity for reversing certain 
elementary processes of calculation. The formation of inverse 
functions has led and will lead us to new kinds of functions.) 

A function F(x) such that F’(x) = f(x) is called a primitive 
function of f(x), or simply a primitive of f(x); this terminology 
suggests that the function f(z) arises from F(x) by differentiation. 

This problem of the inversion of differentiation or of the 
finding of a primitive function is at first sight of quite a different 
character from the problem of integration- From p. 111, however, 
we know that: 

Every indefinite integral D(x) of the function {(x) ts @ primitive 
of £(x). 

Yet this result does not completely solve the problem of find- 
ing primitive functions. For we do not yet know if we have 


found all the solutions of the problem. The question about the 
5 (£798) 
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group of all primitive functions is answered by the following 
theorem, sometimes referred to as the fundamental theorem of 
the differential and integral calculus: 

The difference of two primitives F(x) and F(x) of the same func- 
tion f(x) ts always a constant: 


F(x) — F,(xz) = ¢. 


Thus from any one primitive function F(x) we can obtain all the 
others in the form 


F(x) +e 


by suitable. choice of the constant c. Conversely, for every value of 
the constant c the expression F(x) = F(x) + ¢ represents a primi- 
tive function of £(x). 

It is clear that for any value of the constant c the function 
F(a) + is a primitive, provided that F(x) itself is one. For 
(cf. p. 96) we have 


{Fle +h) + 0} — { Fla) +o} _ F(z + h) — F(z) 
h h oe 


and since by hypothesis the right-hand side tends to f(z) as i -> 0, 
so does the left-hand side, and therefore 


d , 
5 {F@) + 0} = fle) = F@), 


Thus to complete the proof of our theorem it only remains 
to show that the difference of two primitive functions F,(x) and 
F(z) is always a constant. For this purpose we consider the 
difference 

FP, (x) — F(x) = Gz) 


and form the derivative 
Oe) = fp (Bet N= Ne) Het Fo) 
h 


—>od 


Both the expressions on the right-hand side, by hypothesis, have 
the same limit f(x) as h +0; thus for every value of « we have 
G(x) == 0. But a function whose derivative is everywhere zero 
must have a graph whose tangent is everywhere parallel to the 
t-axis, i.e. must be a constant; and therefore we have G(z) = ¢, 
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as we stated above. We can prove this last fact without relying 
upon intuition, by using the mean value theorem. Applying the 
mean value theorem to G(r), we have 


G(a_) — G(x) = (a, — %)G(2); % < F< ay. 


But we have seen that the derivative G’(x) is equal to 0 for every 
value of x, and hence in particular for the value ¢; hence it follows 
immediately that G(x,) = G(x,). Since a, and a, are arbitrary 
values of x in the given interval, G(x) must be a constant. 

Combining the theorem just proved with the result of No. 2 
(p. 111), we can now make the following statement: 

Every primitive function F(x) of a given function f(x) can be 
represented in the form 


F(z) = e+ O(27)=e+ f feau, 


where c and a are constants, and conversely, for any constant values 
of a and c chosen arbitrarily this expression always represents a 
primitive function. 

It may readily be guessed that the constant c can as a rule 
be omitted, since by changing the lower limit a we change the 
primitive function .by an additive constant. In many cases, 
however, we should not obtain all the primitive functions if 
we omitted the c, as the example f(x)=0 shows. For this 
function the indefinite integral of No. 1 (p. 110) is always 0, inde- 
pendently of the lower limit; yet any arbitrary constant is a 
primitive function of f(z)= 0. A second example is the func- 
tion f(z) = +/a, which is defined for non-negative values of 
only. The indefinite integral is 


(x) = 225% — 2g82 


and we see that no matter how we choose the lower limit a the 
indefinite integral D(z) is always obtained from 2 (x)*” by addition 
of a constant which is less than or equal to zero, namely, the con- 
stant —2a°/; yet such a function as 3x°/* + 1 is also a primi- 
tive function for »/x. Thus in the general expression for the 
primitive function we cannot dispense with the additive constant. 
The relationship which we have found suggests an extension 
of the idea of the indefinite integral. We shall henceforth call 


every expression of the form e+ O(c) = ¢+ ve Sf (u)du an inde- 
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finite integral of f(x). In other words, we shall no longer make any 
distinction between the primitive function and the indefinite in- 
tegral. Nevertheless, if the reader is to have a proper under- 
standing of the interrelations of these concepts it is absolutely 
necessary that he should clearly bear in mind that in the first 
instance integration and inversion of differentiation are two 
entirely different things, and that it is only the knowledge of 
the relationship between them that gives us the right to apply 
the term “indefinite integral” to the primitive function also. 

It is customary to represent the indefinite integral by a 
notation which in itself is perhaps not perfectly clear. We write 


F(z) =e+ iE f(ujdu= f f(a)de; 


that is, we omit the upper limit x and the lower limit a and also 
the additive constant c and use the letter x for the variable of 
integration. It would really be more consistent to avoid this 
last change, in order to prevent confusion with the upper limit x 
which is the independent variable in F(x). In using the notation 


f f(z)dx we must never lose sight of the indeterminacy con- 

nected with it, i.e. the fact that that symbol always denotes an 

indefinite integral only. 

4. The Use of the Primitive Function in the Evaluation of 
Definite Integrals. 

Suppose that we know any one primitive function F(x) = 
f(x)dx for the function f(x) and that we wish to evaluate the 
definite integral rk f(u)du. We know that the indefinite integral 

@ 


(2) = f° f(u)du, 


being also a primitive of f(x), can only differ from F(x) by an 
additive constant. Consequently 


O(z) = F@)+¢, 
and the additive constant ¢ is at once determined if we recollect 
that the indefinite integral ® (2) = f : S(ujdu must take the 
value 0 when s=a. We thus obtain 0= O(a)= F(a)+¢, 
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whence c= —F(a) and O(z) = F(z) — F(a). In particular, 
for the value z= 6 we have 


ff fenau= FO) — Fea, 


which gives us the important rule: 

If F(x) is any primitive of the function f(x) whatsoever, 
the definite integral of (x) between the limits a and b ts equal to the 
difference F(b) — F(a). 

If we use the relation F’(xz) = (f(x) this may be written 
in the form 

Fla) = ’ _ f° dF(2) 
F() — Fa) = f° F(@)de= if a de. 


This formula can easily be proved and understood directly. We 
divide the interval a<x2<b into sub-intervals Az,, Avs, ..., Ax, 


and consider the sum © a Az,. On the one hand, this sum is 
simply = AF = F(b) — F(a), independently of the particular 
subdivision; hence its limit is #(b) — F(a). On the other hand, 
its limit is also equal to | F’(x)dz, as follows from the mean value 


a 
theorem. For AF/Az, = F’(é,), where €, is a point intermediate 
between the ends z,_, and 2, of the interval Az,. The sum is 
therefore equal to L Az, F’(é,); and by the definition of integral 


this tends to the limit f f’'(x)dz as the subdivision is made finer, 


which establishes our formula. 
In applying our rule we often use the symbol | to denote 
the difference F(b) — F(a); i.e. we write 


[fede = FO) — Fa) = Fa)’, 


meaning by the vertical line that in the preceding expression 
first the value 6, and then the value a, is to be substituted for a, 
and finally the difference of the resulting numbers is to be found. 


5. Examples. 


We are now in a position to illustrate by a series of simple 
examples the relationships between the definite integral, the 
indefinite integral, and the derivative, which we have just in- 
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vestigated. In virtue of the theorem on p. 111, from each of 
the integration formule directly proved in § 2 (p. 82) we can 
derive a differentiation formula. 


On p. 86 we obtained the integration formula 


1 
dz = hatl — atl 
fe aria attt) 


for every rational number « + 1 and all positive values of a and b; if we 
replace the variable of integration by u and the upper limit by 2, this may 
be written 


1 
«du = atl __ gatl), 
fx as 1 att) 


From this it follows by the fundamental theorem that the right-hand side 
is a primitive function of the integrand, i.e. the differentiation formula 


ot (« + 1)z* 


is valid for every rational value of « + —1 and all positive values of 2. 
By direct substitution we find that this last formula is also true for 
a= —l,ifz>0. The result obtained exactly agrees with what we have 
already found (p. 95) by direct differentiation, Thus by using the fun- 
damental theorem after we had carried out the integration, we could have 
saved ourselves the trouble of that differentiation. 

Further, from the integration formula 


[cos du = sin # — sing 
a 


given on p. 87 it follows that bd sin 2 = cos a, in agreement with the 
result found on p. 96. dx 

Conversely, however, we may regard every directly-proved differen- 
tiation formula F’(x) = f(x) as a connexion between a primitive function 
F(z) and a derived function f(x), that is, we may regard it as a formula 
for indefinite integration and then obtain from it the definite integral of 
f(z) as on p. 117. This very method is frequently made use of, as we 
shall see in Chapter IV (p. 205). In particular, we may start from the 
results of § 3 (p. 94) and obtain the integral formule of § 2, p. 82, in virtue 
of the fundamental theorem. For example, from p. 95 we know that 
o ott (ec 4 Tyce. Therefore 
dz a 
integral of 2*, provided that « + —1, and thus by p. 117 we again arrive 
at the integral formula above. 


1 
i is a primitive function or indefinite 
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ExaMpius 


1. From the differentiations performed in Examples 2, 3 on p. 109, set 
up the corresponding integrations. 
1 dz 1 Qedz 
2. Evaluate (a if ees, (8) f ead 
- o (2+ 1) o (+ 1)? 


3. Using Example 2, prove from the definition of the definite integral 
that 


; 1 1 iy | 
(@) tim nf at mapa tot ol “% 

: 1 2 n 1 
@) Barc wl + 1) bs (n? + 22)8 a (n? + Sul 4 


5. Smupte Mernops or Graputoat INTEGRATION 


An indefinite integral or primitive function of f(z) is a fune- 
tion y= F(x) which not only can be visualized as an area, but 
like any other function can be represented graphically by a 
curve. Our definition immediately suggests the possibility of 
constructing this curve approxi- 
mately and thus obtaining a graph 
of the integral function. To begin 
with we must remember that this 
last curve is not unique, but on 
account of the additive constant 
can be shifted parallel to itself | 
in the direction of the y-axis. We fe) ar ar a 
can therefore require that the in- Fig. 19.—Graphical integration 
tegral curve shall pass through 
an arbitrarily selected point, eg. if c=1 belongs to the 
interval of definition of f(x), through the point with the 
co-ordinates = 1, y= 0, The curve is thereafter determined 
by the requirement that for each value of z its direction is given 
by the corresponding value of f(x). To obtain an approximate 
construction of a curve which satisfies these conditions, we seek 
to construct not the curve y = F(z) itself, but a polygonal path 
(broken line) whose corners lie vertically above previously as- 
signed points of division of the z-axis and whose segments have 
approximately the same direction as the portion of the integra] 
curve between the same points of division. For this purpose we 
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divide our interval of the z-axis by means of the points z = 1, 
%, %,...into a certain number of parts, not necessarily all 


Fig. 20.—Graphical integration of : 


of the same length, and at each point of division we erect the 
parallel to the y-axis. Then (fig. 19) we draw through the point 
c=1, y=0 the straight line whose slope is equal to f(1); 
through the intersection of 
this line with the line z = 2, 
we draw the line with the 
slope f(z,); through the in- 
tersection of this line with 
2 = %_ we draw the line with 
slope f(z,), and so on. In 
the actual practical con- 
struction of these lines, we 
erect at each point of divi- 
sion the ordinate to the 
curve y= f(x), and project 
these ordinates on to any 
parallel to the y-axis; to 
Fig. 21.-—Graphical integration of x be specific, let us suppose 
that they are projected on to 

the y-axis itself. We then obtain the direction of the integral 
curve by joining the point with co-ordinates = 0 and y = f(x) 
to the point x= —1, y= 0. By carrying over these directions 
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parallel to themselves we obtain a polygonal path whose corners 
lie vertically above the given points of division of the z-axis and 
whose direction agrees with the direction of the integral curve at 
the initial point of each interval. This polygonal path can be made 
to represent the integral curve with any desired degree of accuracy 
by making the subdivision of the interval fine enough. We can 
frequently improve the accuracy of the construction by choosing 
for the direction of each segment of the polygon that direction 
which belongs not to the beginning but to the mid-point of the 
corresponding interval (cf. figs. 20 and 21).* 

In fig. 21 the construction described above is carried out for the func- 
tion f(z) = a. By graphical integration we obtain an approximation to the 
integral curve, which is the parabola y = $27 — 4. In addition, fig. 20 
shows an approximation to the integral function of the function f(x) = 1/z. 
We shall study this integral later in greater detail—it will turn out to be 
the logarithmic function. Finally, the reader would be well advised to 
work out some other examples for himself, e.g. the graphical integration 
of the functions sin x and cos 2. 


EXAMPLES 


1. By graphical integration with the interval h = 74, construct the 
following integral curves: 


1 
(a) [ode (OS 252) 0 [se ASes 2. 


1+ 


1 1 
In particular, evaluate id ize dz. 


of 542 (0S 2S). 


6. FurRTHER REMARKS ON THE CONNEXION BETWEEN THE 
INTEGRAL AND THE DERIVATIVE 


Before we begin to follow up the relationships found in § 4 
(p. 109) systematically we shall illustrate them from another 
point of view, which is closely related to the intuitive idea of 
density and to other physical ‘concepts. 


* We may mention in passing that graphical integration (that is, the find- 
ing of the graph of a primitive F(z) of a function f(x) which is itself given by 
a graph) can also be performed by means of a mechanical device, the so-called 
integraph. In this mechanism a pointer is moved along the given curve and 
a pen automatically traces one of the curves y = F(x) for which F’(x)=f(x). 
The indeterminacy of the constant of integration is expressed by a certain arbi- 
trariness in the initial position of the instrument. For integrating devices 
generally see B. Williamson, Integral Calculus, pp. 214-217 (Longmans); Dic- 
tionary of Applied Physics, Vol. Il, pp. 450-457 (Macmillan, 1923). 

5¢ (8798) 
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1. Mass Distribution and Density; Total Quantity and Specific 
Quantity. 


We suppose that any mass whatsoever is distributed along 
a straight line, the z-axis, the distribution being continuous but 
not necessarily uniform. We may, for example, think of a vertical 
column of air standing on a surface of area 1; as z-axis we take 
a line pointing vertically upwards and as origin the point on 
the earth’s surface. The total mass between two abscisse 2, 
and 2, is then determined in the following way by means of 
a so-called sum-function F(x). We measure distance along the 
tine from the initial point of the mass-distribution, «= 0, and 
by F(z) we mean the total mass between the abscissa 0 and 
the abscissa x. The increment of mass from the abscissa 2, to 
the abscissa 2, is then given simply by 


F(x.) — F(x); 


@ sign is thus assigned to the increment, and this sign changes 
if z, and x, are interchanged. 
The average mass per unit length in the interval 2, to 2, is 


F (¢) — F(a) 
Vg— 
If we assume that the function F(x) is differentiable, then as 
%_ -> 2 this value tends to the derivative F’(x,). This quantity 
is precisely what is usually called the specific mass or density 
of the distribution at the point 2; as a rule, of course, its value 
depends on the particular point chosen. Between the density 


f(z) and the sum-function F(a) there accordingly exists the 
relation 


Pa)=[fujdu, fle) = F'@). 


The sum-function is a primitive function of the density, or, 
what amounts to the same thing, the mass is the integral 
of the density; conversely, the density is the derivative of the 
sum-function. 

Exactly the same relation is very frequently encountered 
in physics. For example, if by Q(é) we denote the total amount 
of heat needed to raise unit mass of a substance from tempera- 
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ture ¢, to temperature t, then to raise the temperature from 4 
to t, an amount of heat equal to 


Q(t) — Q(4) 


is needed. Between ¢, and ¢, the average amount of heat used 
per unit increase in temperature is then 


Q (t2) mi Q) 
—h 
If we once again assume the differentiability of the function 
Q(t) we obtain in the limit a function 


lim Q(t) ee, O(a) 

ioe «t— 

which we call the specific heat of the substance. This specific 
heat is in general to be regarded as a function of the tem- 
perature. 


Here again, between specific heat and total quantity of heat 
there exists the characteristic relation of integral and derivative, 


famae=06) — ec. 


q(t) = 


We shall meet with the same relations in all cases where 
total quantity and specific quantity are contrasted, e.g. 
electric charge as contrasted with density of charge, or the 
total force on a surface as contrasted with the force-density or 
pressure. 

In nature it usually happens that what we know directly is 
not the density or specific quantity, but the total quantity; thus 
it is the integral which is primary (as the name “ primitive ” 
suggests) and the specific quantity is only arrived at after a 
limiting process, namely, differentiation. 

Incidentally it may be noted that if the masses considered 
are by their nature positive, the sum-function F(x) must be a 
monotonic increasing function of x, and consequently the specific 
quantity, the density f(x), must be non-negative. Nothing hinders 
us, however, from considering negative quantities also (e.g. 
negative electricity); then our sum-functions F(x) need no longer 
be monotonic. 
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2. The Question of Applications. 


The relation of the primitive sum-function to the density of 
distribution perhaps becomes clearer when it is realized that 
from the point of view of physical facts the limiting processes 
of integration and differentiation represent an idealization, and 
that they do not express anything exact in nature. On the con- 
trary, in the realm of physical actuality we can form in place of 
the integral only a sum of very many small quantities and in 
place of the derivative only a difference quotient of very small 
quantities. The quantities Av remain different from 0; the 
passage to the limit Az — 0 is merely a mathematical simplifi- 
cation, in which the accuracy of the mathematical representation 
of the reality is not essentially impaired. 

As an example we return to the vertical column of air. Ac- 
cording to the atomic theory we find that we cannot think of 
the distribution of mass as a continuous function of z. On the 
contrary, we will assume (and this, too, is a simplifying ideali- 
zation) that the mass is distributed along the z-axis in the form 
of a large number of point-molecules lying very close to one 
another. Then the sum-function F(z) will not be a continuous 
function, but will have a constant value in the interval between 
two molecules and will take a sudden jump as the variable x 
passes the point occupied by a molecule. The amount of this 
jump will be equal to the mass of the molecule, while the average 
distance between molecules, according to results established in 
atomic theory, is of the order of 10-° cm. If now we are per- 
forming upon this air column some measurement in which masses 
of the order 10* molecules are to be considered negligible, our 
function cannot be distinguished from a continuous function. 
For if we choose two values x and 2-+ Az whose difference Ax 
is less than 10 cm., then the difference between F(a) and 
F(z + Az) will be the mass of the molecules in the interval; 
since the number of these molecules is of the order of 104, the 
values of F(z) and F(x -+ Az) are, so far as our experiment is 
concerned, equal. As density of distribution we consider simply 
AF(z)_ F(x+ Ax) — F(z). 

Ac Az : 
important physical assumption that we do not obtain measurably 
different values for this quotient when Az is allowed to vary 


the difference quotient it is an 
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between certain bounds, say between 10-4 and 10-5 em. Now 
let us imagine that F(z) is measured and plotted for a large 
number of points about 10~¢ cm. apart, and that the points thus 
found are joined by straight lines; we obtain a polygon, and 
by rounding off the corners we finally obtain a curve with a 
continuously turning tangent. This curve is the graph of some 
function, say F(x). This new function F,(z) cannot within the 
limits of experimental accuracy be distinguished from F(z), 
and its derivative is within the same limits equal to AF/Az; 
we thus have found a continuous differentiable function which 
for the purposes of physics is the function F(z). 

It is perhaps appropriate to discuss yet another example of 
the concepts of sum-function and density of distribution. In 
statistics, e.g. in the kinetic theory of matter or in statistical 
biology, these concepts frequently occur in a form in which the 
nature of the mathematical idealization is particularly clear. 
Let us consider e.g. the molecules of a gas confined in a vessel 
and observe their velocities at a given instant of time. Let the 
number of molecules be N, and let the number of those with 
velocities less than x be N®(z). Then (2) denotes the ratio of 
the number of molecules moving with velocities between 0 and 
x to the total number of molecules. This sum-function is, of 
course, not continuous, but is sectionally * constant and suddenly 
increases by 1/N when z as it increases passes a value which 
is equal to the velocity of some molecule. 

The idealization which we shall make here is that we shall 
think of the number N as increasing beyond all bounds. We 
assume that in this passage to the limit N > oo the sum-function 
(x) tends to a definite continuous limit function F(x). That 
this is really the case (i.e. that we can with sufficient accuracy 
replace M(x) by this continuous function F(«)) is obviously an 
important physical assumption; and it is another such assump- 
tion to suppose that this sum-function F(z) possesses a deri- 
vative F’(x) = f(x), which we then call the density of distri- 
bution. The sum-function is connected with the density of dis- 
tribution by the equations 


F(a) = f "f(u)du; F(b) — F(a) = L fla)de. 


© Ger. sttickweise; of. Chap. IX, § 3. 
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This density of distribution is occasionally referred to as the 
specific probability that a molecule possesses the velocity 2. 
The idealization we have just carried out plays a great part in 
the kinetic theory of gases originated by Maxwell; in exactly 
the same mathematical form it appears in many problems of 
mathematical statistics. 


7. Tae Estmation or InrecRats AND THE MEAN VALUE 
THEOREM OF THE INTEGRAL CALCULUS 


We close this chapter with some considerations about a matter 
of general significance, the whole importance of which will not 
appear until somewhat later. The point in question is the 
estimation of integrals. 


1. The Mean Value Theorem of the Integral Calculus. 


The first and simplest of these estimation rules runs as fol- 
lows: if in an interval a2 <b the continuous function f(x) 
is everywhere non-negative (is either positive or zero), then the 


definite integral 
[soa 


is also non-negative. Similarly, the integral is not positive if the 

function is positive nowhere in the interval. The proof of this 

theorem follows directly from the definition of the integral. 
From this the following theorem arises: if 


f(x) = g(z) 


everywhere in the interval a <2 <b, then 


[fedz fgeae 


also. For by our first remark the integral of the difference 
f(%) — g() is non-negative and by our addition rule (cf. p. 82) 


[@)—ga)de= [fede — f° g (ayaa, 


Let M be the greatest and m the least value of the function 
f(z) in the interval ab. The function M — f(x) is non-negative 
in the interval, and the same is true for the function f(z) — m, 
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From the above remark we immediately obtain the double 


inequality 
ff mans f° fade f° Mae. 


But [/ mde=m {” de=m(b—a) and likewise | Mdx—M(b—a), 
whence m(b— a) S iy f(z)dz <= M(b—a). The integral under 


consideration can therefore be represented as the product of 
(6— a) and some number p between m and M: 


[fedu=pb—a), mSpsM. 


As a rule there is no need to state the exact value of this mean 
value ». We may, however, state that it will be assumed by the 
function at one point £ of the interval a < ¢ < b at least, since 
in its interval of definition a continuous function assumes all 
values between its greatest value and its least. As in the case 
of the mean value theorem of the differential calculus, the exact 
statement of the value ¢ is in many cases unimportant. We may 


therefore put = f(£), where & is an intermediate value of 2, 
and we then have 


[fod=b-afo, asess. 


This last formula is called the mean value theorem of the integral 
calculus. 

We can generalize the theorem somewhat by considering, 
instead of the integrand f(x), an integrand of the form f(z) p(z), 
where p(x) ts an arbitrary non-negative function, which, like f(x), 
ts to be assumed continuous. Since mp(x) < f(x) p(x) < Mp(z), 
we immediately obtain the relation 


mf pede s [° fa)p(a)de < Mf” pla)de, 


or, in a single equation, 
b 
[ feria = $8 f° pleas, 


where € ts again a number intermediate between a and b. 
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We have thus proved the following theorem: 


Tf £(x) and p(x) are continuous functions ina =x <b, and 
p(x) = 0, then 


[ferpwac=se f° preras, 
whereas Eb. 


2. Applications. The Integration of x* for any Irrational Value 
of a. 


The mean value theorem and the equivalent integral estimates 
immediately afford us an insight into an intuitive and easily 
apprehended fact: the value 
Y of. an integral changes very 
f little if the function itself is 
f-€ everywhere changed very little. 
In precise language: if in the 
whole interval a<z<b the 
absolute value of the difference 
of two functions f(z) and 9(z) 
is less than a number e, then 
0 the difference of their inte- 
SS & Ges grals is in absolute value less 
ed | othe, eh a). In symbols: 
if throughout the interval 

aSa3b we have | f(x) — g(x) |<, then 


if flayda— fg (adn | <e— a) 
or, otherwise expressed, 
~ «0-0 +f ge)de <f' fade <f'g(a)de + «(6 — a) 


Fig. 22 illustrates this theorem very clearly. For the curve 
y=f(z) we draw the “parallel curves” y=/f(z)+¢ and 
y = f(z) — ¢. By hypothesis the function g(x) keeps within the 
strip bounded by these “ parallel curves”. It is clear from this 
that the areas which are bounded by the curves f(x) and g(x) 
differ from one another by less than half the area of the strip, 
and the area of the strip is just 
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[ite + elde —f (fe) e}dx = 2¢(b —~ a). 


No appeal to intuition is needed. Since 
—€ + g(t) <f(@) << €+ g(a); 
it follows, by considerations analogous to those on p. 126, that 


[{-<ta@}de <f sear <f fale) + e}ae, 


which as the result of the fundamental rules of integration takes 
the form 


—<—a)+f'ge)de<f fad < fg(a)dx + «(b— a 


here we have merely replaced the integral of a sum by the cor- 
responding sum of integrals, and have noticed that 


ff <de = €(b — a). 


As an indication of the importance of this theorem, we shall 
show that with its help we are able to integrate the function 2 for any 
irrational value of a, or, more exactly, to calculate the definite integral 


x“ dx. Here we assume that 0 <a < b. 
a 
We represent the index « as the limit of a sequence of rational numbers 


Oy, Oy +++» Oyy-.., 80 that «= lima,; here we can assume that none 


r—>o 
of the values a, is equal to —1, since « itself is different from —). For 
the power x* we then use the definition 
a*= lim x 
r—>o 
and notice the following: no matter how small a positive number ¢ we 
choose, we can always find an n so large that in the whole interval * 
1 Sz Sb we have | 2 — x} <«. 


* This can be proved quite simply as follows. (Cf. Appendix I, § 3, p. 69). 
“Remembering that z# is monotonic, and putting 5, = a, — a, we have 


| z@ — om | = wa] 1 — ain | < (aa + ba)(|1 — adn] + | 1 — btn] ); 


for a lies between a+ and 62, so that a < ae + be, and likewise 1 — xin lies 
between 1 — ain and 1 — 650, so that {1 —a|s([1 — adn | + [1 — bs }). 
From lim a» = lim 6% = 1, it follows that 
n—> n—> © 
lim [1 —~aSn[ = lim [1 — bim[{ = 0; 
—>2 Apo 

so if n is chosen large enough the right-hand side of the inequality is less than e. 
This gives us (zen — za/ < ¢ simultaneously for all values of x in the interval 
aszsb. 
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Now we need only apply the relationship mentioned above to the 
functions f(z) = 2% and g(x) = x, obtaining 


—eo—a)+ fumde< fade < funds + e(b— a) 


The integrals on the right and on the left, however, may be evaluated in 
accordance with the result on p. 85, giving 


— gontl ) 


1 ‘ 
f 1 
< fiwtda< 
@ a, + 1 
If we now let the number e steadily decrease and tend to 0, the cor- 


responding values of 7 increase beyond all bounds; the numbers ap, a, 
and b*» must then converge to «, a*, and b* respectively, and we immediately 


obtain the result 
1 
at dz = 
fi a+l 


In other words, the integration formula that holds for rational values of « 
holds also for irrational values of «. 

From this it follows in virtue of the fundamental theorem of p. 111 
that for positive values of x the differentiation formula 


(bent! — aentt) +. (b — a), 


(b+ aos att), 


d 
eae atl eo + 


already obtained for rational values of « remains valid for irrational values 
of « also. 


EXAMPLES 


1. Find the intermediate value & of the mean value theorem of the 
ntearal calculus for the following, and interpret geometrically: 


(a) ie lda. (b) f ada, 
(c) i, "an de. (d) fs 3 


2. Let f(x) be continuous. Prove, from the mean value theorem of the 
integral calculus, that the derivative of the indefinite integral of f(x) is 
equal to f(z). 


3. (a) Evaluate J, = f zi"dz. What is lim J,,? Interpret geometri- 
a— po 
sally. (b) Do the same foe Eo =f a dos, 
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4.* Let the function f(£) be continuous for all values of & and let 
F(x) be defined by the equation 


Fle) = 3 fc fet ode, 


where 8 is an arbitrary positive number. Prove that: ; 

(2) the function F(x) possesses a continuous derivative for all values 
of 2; 
(0) in any fixed interval a<2<b we can make | F(x) — f(zx)| <«, 
where ¢ is an arbitrary pre-assigned positive number, by choosing 8 small 
enough, ‘ 

5.* Schwarz’a inequality for integrals. 

Prove that for all continuous functions F(x), g(x) 


[Gentes [ oreytae = (fte\aaae)", 


Appendix to Chapter II 


1. Tae Existence or tHe Derinitre INTEGRAL oF A 
Continvous Function 


We have still to give a proof of the fact that the definite 
integral of a continuous function between the limits a and 6 
(a < 6) always exists. For this purpose we recall the notation 
of § 1 (p. 79), and consider the sum 


F,= uf (€,) Az,. 
It is certainly true that 
F,= f,)Ac, SF, SE flu, Aa, = Fr, 
ee 1 


vol ve 

where f(v,) denotes the least and f(u,) the greatest value of the 
function in the v-th sub-interval. The problem is to prove that 
F,, tends to a definite limit independent of the particular manner 
of subdivision and of the particular choice of the quantities £,, 
provided that as n increases the length of the longest sub-interval 
tends to zero. To establish this it is obviously necessary and 
sufficient to show that the two expressions F,, and F, converge 
to one and the same limit. 
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No matter how small the positive number « is chosen, we 
know by the uniform continuity of f(z) that in every sufli- 
ciently small interval the “oscillation” | f(u,)—f(v,)| is 
less than ¢; so that if the subdivision is fine enough we cer- 
tainly must have’ 


0S F,— F,= 3 As,{f(u,) —f0,)} <b — a). 


We therefore see that as m increases this difference must tend 
to zero, and so we can content ourselves with proving that one 
of the sums, say F,, converges. This convergence will be proved 
as soon as we show that | F,, — Fn | can be made as small as de- 
sired by requiring that the corresponding subdivisions (which 
we shall refer to as “subdivision ” and “subdivision m” 
respectively) go beyond a certain degree of fineness. This degree 
of fineness is characterized by the property that for both sub- 
divisions the oscillation of the function in each sub-interval is 
less than ¢ (ce > 0). We pass to a third subdivision whose points 
of division consist of all the points of subdivision » and of 
subdivision m taken together. This new subdivision, which has 
say J points of division, we denote by the suffix J, and we con- 
sider the corresponding upper sum F,. We shall now estimate 
the value of LF —F,,| by first obtaining estimates for the 
expressions | F, — F;| and | F,,— F,|. We assert that the 
following two relationships hold: 


F,SHiSF, and Pp SP SF py 


The proof follows at once from the meaning of our expressions. 
Let us consider say the v-th sub-interval of the subdivision n. 
This sub-interval will consist of one or several sub-intervals of 
the subdivision 1; the terms corresponding to these intervals 
will each consist of two factors, one of which is a difference Ax 
and the other of which is certainly not greater than f(u,) and 
not less than f(v,). The sum of the lengths Az of those intervals 
of the subdivision 1 which lie in the v-th sub-interval of the 
coarser subdivision is, however, exactly Az,. We therefore 
see that the corresponding contribution to the sum F, must 
lie between the limits f(u,)Az, and f(v,)Az,. If we now sum over 
all the n sub-intervals we obtain the first of the above inequali- 
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ties; the second is obtained in exactly the same way if we con- 
sider the subdivision m instead of the subdivision n. 

We have already seen that F, — F, < e(b— a); it is like- 
wise true that F,, — Fm < e(b— a). From the inequalities for 
F, proved above, it therefore follows that 


OSF,—F,<e(b—a) and OS F,—F, <c(b—a). 
Thus it is also certain that 
| F.— F,| =| (Fa — Fi) — Fa — Fi) | <2e(6—a). 


Since ¢ can be chosen as small as we please, this relation shows 
us by Cauchy’s convergence test (p. 40) that the sequence 
of numbers F,, actually converges. At the same time we see 
at once from our argument that the limiting value is completely 
independent of the manner of subdivision. 

The proof of the existence of the definite integral of a con- 
tinuous function is thus complete. 

Our method of proof teaches us still more. It shows us that 
in many cases we are also led to the integral by a somewhat 
more general limiting process. If, for example, f(x) = $(x) (2) 
and the interval from a to 6 is subdivided into n parts by the 
points of division x,, we consider instead of the sum Xf(£,)Az, 
the more general sum 


Ub (E,)b(E,") Az, 


where ¢,’ and ¢,” are two not necessarily coincident points of 
the v-th sub-interval. This sum will also tend to the integral 


[fod= f° serpeae 


as 7 increases, provided that the length of the longest sub-interval 
tends to zero. 

A corresponding statement holds for all sums formed in an 
analogous way; for example, the sum 


VASE! + HE} Ae, 
tends to the integral 
f Vise + veo }ac. 
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The proof of these facts follows lines exactly similar to the above 
and hence need not be worked out in detail. 


2. Tae RELATION BETWEEN THE MEAN VALUE THEOREM OF 
THE DIFFERENTIAL CALCULUS AND THE MEAN VALUE 
THEOREM OF THE INTEGRAL CALCULUS. 


Between the mean value theorem of the differential calculus 
and that of the integral calculus there exists a simple relation 
which is arrived at by way of the fundamental theorem (p. 111) 
and which we give as an instructive example of the use of that 
theorem. We take the mean value theorem of the integral 
‘calculus in its more special form, 


[i@de=b- ase. 


If we put a Sf (x)dx = F(z), so that f(x) = F(z), the theorem 
just written takes the form 
F(b) — F(a) = (6 — a) FE) 


ep PO) — FG). pe, 
b—a 


Here we can obviously choose for F(x) any function whose 
first derivative F’(x) = f(x) is continuous, and thus for such 
functions the mean value theorem of the differential calculus is 
proved. 

If we consider the more general form of the mean value 
theorem of the integral calculus, 


[sepa =O f° peoae, 


where p(z) is a function which in our interval is continuous and 
positive and f(x) is an arbitrary continuous function, we are 
led to a correspondingly more general mean value theorem of 
the differential calculus. We put’ 


f f(z) p(a)du = F(a), ie. f(x) p(z) = F(a), 
and [pada =G(a), ie. p(z) = G(x); 
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the above mean value formula then takes the form 
F(b) — F(a) = {4(b) — G(@}f(, 
F'(a) 
Ga)’ 
F(Q)— Fa) _ F'(é) 
G(b) — (a) @'(é)’ 


or, since f(x) = 


where a + b, 

This formula, in which ¢ once again denotes a number inter- 
mediate between a and 6, is called the generalized mean value 
theorem of the differential calculus. For this to be valid it is 
obviously sufficient to assume that F(x) and G(z) are continuous 
functions with continuous first derivatives and that in addition 
G’(x) is everywhere positive (or everywhere negative). For with 
these assumptions the whole process can be reversed. 

Finally, it should be observed that in the present discussion 
of the mean value theorem of the differential calculus we have 
had to make assumptions more stringent than the theorems in 
themselves require. (Cf. § 3, No. 8, p. 108, and later p. 203.) 


EXampPLE 


1. Show that if f(z) has a continuous derivative in the interval 
a2 Sb, then f(x) can be represented as the difference of two monotoni¢ 
functions, 


CHAPTER III 


Differentiation and Integration of the 
Elementary Functions 


1. Tue Simptest RvuLeESs FoR DIFFERENTIATION AND 
THEIR APPLICATIONS 


In higher analysis and its applications it is usually the case 
that the problems of integration are more important than those 
of differentiation, but that differentiation offers less difficulty 
than integration. Consequently the natural method of building 
up the integral and differential calculus is first to learn to dif- 
ferentiate the widest possible classes of functions and then by 
virtue of the fundamental theorem (Chap. II, § 4, p. 116) to make 
the results thus obtained available for the solution of integration 
problems. In the following sections it will be our task to carry 
out this programme. To a certain extent we shall make a 
fresh start, since we shall work out the most important differen- 
tiations and integrations systematically without calling upon 
the results of last chapter. In this development of the subject 
certain rules for differentiation, with the first of which we are 
already acquainted (p. 96), will play an important part. 


1. Rules for Differentiation. 


We assume that in the interval which we are considering the 
functions f(x) and g(z) are differentiable; our rules then run as 
follows: 

Rule 1. Multiplication by a constant. 

If ¢ is a constant and ¢(x) = cf(zx), then d(2) is differentiable, 


and 
$'(2) = of ‘(2). 


181 
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This follows immediately from the relation 


d(e+h)—$@)_  fe@+h)—Se) 
h h 


if we take the limits as h > 0. 
Rule 2. Derivative of a sum. 
If $(x) = f(x) + g(z), then $(z) is differentiable, and 
$e) =f'@) + ¥'@); 
that is, the processes of differentiation and addition are inter- 


changeable. The same holds for the sum of any finite number (n) 
of terms 


$2) =D f(0), 
for which we obtain 
$@) = Zh/). 


We may pass over the proof, which after Chap. II, § 3 (p. 88) is 
fairly obvious. 
Rule 3. Derivative of a product. 
If (x) = f(x)g(zx), then ¢(z) is differentiable, and 
¢ (a) = f(a) 9'(@) + g@)f'(@). 


The proof follows from the equation 


$e+h)~$(@) _ fle+Hge+h—flwg(e) 
h h 
_S@t+hg@+h—fa+Mga)+fe+Mg()—fea)g(a) 
h 
= flat HUET N=) 5 gia) DS) 


In this last expression the passage to the limit h>0 can be 
directly carried out, yielding the formula stated. 

This formula takes a still more elegant form if we divide * 
throughout by $(x) = f(x)g(z). We then obtain 


$a) _f'@) , ¥@) 
$(@) fle) * gle) 


* We must, of course, assume that (x) is nowhere equal to zero. 
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By repeated application of this product formula we obtain 
by induction for the derivative of a product of n factors an 
expression consisting of m terms, each of which consists of the 
derivative of one factor multiplied by all the other factors of 
the ae product. In symbols: 


$'(z) = — f tp ¢ayfle) -Salz)} 


=SY OA) -- - fal@) + Ai@) fr (@fa(a) . « - fl) 
- thie) fala) ..-fe'(a) 


—¥ Fr) 9) 
=f, y (2) f(a)’ 

or on division * by $(zx) = f,(z)f,(z) .. . f(x) 
$(@)_ fla) , file) fi) 3 Le) 
$a) file)’ fale) °° fla) fila)’ 


Rule 4. Derivative of a quotient. 
For a quotient 


_ft) 
FO 5) 


the following rule holds: the function ¢(z) is differentiable at 
every point at which g(x) does not vanish, and 


' GF" (a) — 9'(a)f (2) 
$ (2) = {oa 
If $(x) + 0, this can be written 
(x) _ fz) _ gz) 


dz) f(z) glx)’ 


If we accept the differentiability of f(x) as a hypothesis, we 
can apply the product rule to f(z) = ¢(a)g(x) and conclude that. 


f'(@) = $(2)9'(z) + 9(z)$'(@). 


By substituting i oA for ¢(x) on the right and solving for ¢’(2) 
we obtain the — stated above. In order to prove the differen- 


* We must, of course, assume that ¢(x) is nowhere equal to zero. 
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tiability of 4(x) as well as the rule we use the following method. 


We write 
fle+h)_ f(a) 
$(o+h)—$(z)_ gl@+h) g(a) 
h h 


= 


g(a Let Aa fe) _ gfe + a) ms I (2) oq) 


9 (2) g(x + h) 
If we now let h tend to 0, we arrive at the result stated; for by 
hypothesis the two terms obtained by performing the division 


on the right have definite limits, which are respectively Ga) f (2) 


, {9(z)}* 
and 2 ras This at once proves both the existence of the limit 


on the left-hand side and the differentiation formula. 


2. Differentiation of the Rational Functions. 
To begin with, we shall again deduce the differentiation formula 
d 


= = ng 


da 


for every positive integer n, basing the proof on the rule for 
differentiating a product. We think of 2” as a product of n 
factors, 2" = @...2, and thence obtain 


ea ae l.27?4+ ...41.¢7°1 = ng™!, 


The second derivative of the function 2" results if we use 
the above formula and the first rule of differentiation: 


= a = n(n — 1)2"-2, 


da? 


Continuing the process, we obtain 
s x" = n(n — 1) (n — 2)a%-8 


Laie ee ee eee 


da* 
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From the last of these it is clear that the (n+ 1)-th derivative 
of x” vanishes everywhere. 

In virtue of our first two rules, a knowledge of the differ- 
entiation of powers at once enables us to differentiate any 
polynomial 

y=ataert ag*t+ ...+ 4,2". 
We have simply 
y! = a, + Lage + Bayz? +... + nage, 
and further 
y” = 2a, + 8. 2a, + 4.30% + ...+ n(n — 1)a,2"-%, 


and so on. 

The differentiation of any rational function now follows 
with the help of the quotient rule. In particular, we shall 
again deduce the differentiation formula for the function 2”, 
where » = —™m is a negative integer. The application of the 
quotient rule, together with the fact that the derivative of a 
constant is equal to zero, gives us the result 

d ( 1\_ om em 
ds a) = a ame 
or, if we take m= —n, 
d 


an a= ne}, 


which agrees formally with the result for positive values of n 
and with the results given earlier (p. 95). 


3. Differentiation of the Trigonometric Functions. 


For the trigonometric functions sing and cosz we have 
already (p. 96) obtained the differentiation formule 


d. d ; 
— sing=—cosz and — cosz= —sing. 
da dx 


The quotient rule now enables us to differentiate the functions 


sin 2 cosz 
y=tang=—— and y= cotz = ——. 
cosz 


sll % 
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According to the rule, the derivative of the first of these func- 
tions is 


y cos?” + sin?z 1 
= 
cos?z cos? 


and we obtain the result 
d 


— tang = 


1 
dx cos? 
Similarly, we obtain 
1 


d 
=~ cobey = — ——_ = —cogec?z = —(1 + cot2z). 
dz sin?s ach ) 


= sec?g = 1+ tana, 


2. THE Corresrponpine InrecRaL ForMULE 


1. General Rules for Integration. 


The fundamental theorem of p. 116 and the definition of the 
indefinite integral reveal to us the possibility of writing down 
an integral formula corresponding to each differentiation formula. 
The following rules of integration (of which the first two have 
already been mentioned on p. 82) are completely equivalent to 
the first three rules of differentiation. 

Multiplication by a constant: If c is a constant, then 


[cf@yde = of fiayde. 
Integration of a sum: It is always true that 
[{F0) + 9@)}ae =f flaydo + fo (e)ae. 


To the third rule of differentiation corresponds the rule for 
the integration of a product, or, as it is usually called, the rule 
for integration by parts. On integration the product rule gives 


[fea @yae =f f(e)¢ (a)dx + [9 (ef (ede. 


The indefinite integral on the left is obviously f(x) g(x) (except 
possibly for an additive constant), and we can therefore write 
the rule for integration by parts in the following form: 


J fe)g (eda =F (@) g(x) — fa (af (a)de. 
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This last integration formula, the counterpart of the rule for 
the differentiation of a product, has been given here only for 
the sake of completeness; it will not become important for us 
until the next chapter (p. 218). 


2. Integration of the Simplest Functions. 


Corresponding to the differentiation formule for special 
functions which we have recently found, we now set down the 
equivalent integration formule. The formula 


Es = ng i 


when expressed as an integration formula becomes 


fortde= =, n+ 0. 


For this formula merely means that the derivative of the right- 
hand side is equal to the expression under the integral sign 
on the left. If we replace m by n+ 1, we obtain the integral 


formula 
if ads = 7 
n+] 


This formula holds for. every integral index n (where n< 0 
it of course holds only if « + 0) with the exception of n = —1, 
for which the denominator n + 1 would vanish. Later (p. 167) 
this exceptional case will be studied in detail. 

The fundamental theorem of the integral calculus at once 
permits us to use our integral formule for the determination of 
areas, that is, of definite integrals. By p. 117 we immediately 
obtain 


grit, n = a 1. 


1 
nde = B2t1 n4+1 F —1, 
fz 0 = Sn] ( a™t}), n= 


where if m is negative we assume that a and b are of the same 
sign, since otherwise the integrand would be discontinuous in 
the interval of integration. 

To the differentiation formule for sinz, cosa, tana, and cotz 
correspond the following integration formule: 
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fooszda = sing, fsinzde = —cosa, 


1 1 
I= dz = tana, l= dz = —cotz. 
From these formule we obtain by way of the fundamental rule 
of Chap. IT, § 4 (p. 117) the value of the definite integral between 
any limits, the only restriction being that when the last two 
formule are used the interval of integration must not contain 
any point of discontinuity of the integrand. For example, 


b 
ff cosadz = sing} = sinb — sina. 
a a 


It scarcely needs to be emphasized that with the help of 
the first two rules of integration we are now in a position to 
integrate any polynomial in 2, and, in fact, any linear combina- 
tion with arbitrary constant coefficients of the functions inte- 
grated here. The following point, however, should be noted. 
Rules of integration and rules of differentiation must according 
to the fundamental theorem be equivalent to one another; it 
is therefore possible first to prove the general integration rules 
of this section and then to read off the differentiation rules of 
the preceding section. The reader would be well advised to 
carry out this suggestion for himself. 


EXaMPLEs 


1, Find the numerical values of all the derivatives of x? — x4 ata = 1. 
2. What is the numerical value of the eleventh derivative of 
317x° — 2022’ -+ 76 at 2 = 134? 


3. Differentiate the following functions and write down the correspond- 
ing integral formule: 


(a) az + b. (e) ax? + 2be + 6 
(b) 25cx7, aa + 28a -+ 
1 1 
(c) a+ 2ba + ca’, (f) ia ite 
(d) ax + b (9) (a8 — V8xt + 4)(x8 + V Bx! +. 4) 
er aa ge 


4. Let P(w) =a, +az+agz?+... + a,x". 
(a) Calculate the polynomial F(x) from the equation F(x) — F’(x) = P(z). 
(6)* Calculate F(x) from the equation CoF (x) + 6, F(x) + c,F’(x) == Plz), 
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5. Differentiate the following functions and write down the corre- 
sponding integral formulz: 


(a) 2 sin % cos a. (c) x tan z. (e) sin x 

1 sin z+ cosz Zz 
Oe (@) _—__—_.. 
+ tan z sin z — cos % 


Recalling that seca = aks cosec % = =e find the derivatives 
indicated in Ex. 6-9: shed aed 


di eB 
6. aa sec 2. 8. ia cosec x. 
4 
7. © seo tan. 2. © tan zeine, 


10. Find the limit as  — © of the absolute value of the n-th deri- 


1 
vative of — at the point z = 2. 
x 


Evaluate: 
1. ic + b)de. ib. NG + +) tie 
12. [(aat + 2x + o)de. 16. J[(ccose+ <5) de 


13. ri (92° 728+ 5et4 3a241)dx. 17. f (ae+-tsinz-+$——2, de 
14. S(&+ 4+ 3)= 18. f s00% tan 2 dz. 


3. Tae Inverse FUNCTION AND ITS DERIVATIVE 


1. The General Formula for Differentiation. 


We have seen earlier (pp. 21 and 67) that a continuous func- 
tion y == f(z) has a continuous inverse in every interval in which 
it is monotonic. More exactly: 

If a<xSb ts an interval in which the continuous function 
y = f(x) ts monotonic, and tf £(a) = a and f(b) = B, then x ts a 
function of y which in the interval between a and B is one-valued, 
continuous, and monotonic. 

As we have already shown on p. 92, the concept of the deri- 
vative gives us a simple means for recognizing that a function is 
monotonic and therefore has an inverse. For a differentiable 
function is certainly always monotonic increasing if f’(x) is 
greater than zero throughout the corresponding interval, and 
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similarly is monotonic decreasing if f’(x) is everywhere less than 
zero in the interval. 

We shall now prove the following theorem: 

If in the interval a <x <b the function y = {(x) is differen- 
table, and im that interval either f'(x)> 0 everywhere or else 
f(x) <0 everywhere, then the inverse function x= d{y) also 
possesses a derivative at every point of tts interval of definition, 
and between the derivative of the given function y = £(x) and that 
of the inverse function x= d(y) there exists for corresponding 
values of x and y the relationship f(x) . ¢'(y) = 1, which we can 
also write in the form 


dy_ 1 
dz da’ 
dy 


In this last formula we again observe the flexibility 
of Leibnitz’s notation. It is just as if the symbols dy 
and dx were quantities which could be operated with like 
actual numbers. The proof of this formula is correspondingly 
simple if we regard the derivative as the limit of the difference 
quotient, 


y =f'(x) = lim AY _ lim AT y 


ax—>oAx 41> «Uy — & 
where z and y= f(z), and a, and y, = f(z), respectively denote 
pairs of corresponding values. By hypothesis the first of these - 
limiting values is not equal to zero. On account of the continuity 
of y=f (x) and x= ¢(y) the equation lim Az = 0 is equivalent 
to lim Ay = 0, and consequently the relations y, > y and 2, >< 
are also equivalent. Therefore the limiting value 


fin “2 ss es 


H>e4y— Y wrmW—y 


exists and is equal to Mee . On the other hand, the limiting value 


f' (2) 
is by definition the derivative ¢'(y) of the inverse function ¢(y), 
and thus our formula is proved. 


This formula has a simple geometrical meaning, which is clearly shown 
in fig. 1, The tangent to the curve y = f(x) or z = 9(y) forms with the 
6 (£798) 
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positive x-axis an angle a, with the positive y-axis an angle B, and from 
the geometrical meaning of the derivative 


f'(z) = tana, 9’ (y) = tan B. 


Since, however, the sum of the angles 
« and B is x/2, tanx tanf=1, and 
this relationship is exactly equivalent to 
our differentiation formula. 


We have hitherto expressly 
assumed that either f’(x)> 0 or 
f(z) <0, ie. that f’(x) is never 
zero. What, then, happens if 


Fig. 1.—wifferentiation of the 


inverse function i’) =0? It f'(z)=0 every- 

where in an interval the function 

is constant there, and consequently has no inverse, since the 
same value of y must correspond to all values of x in the interval. 


If the equation f'(z)=0 is 
true only at isolated points, 
and if for the sake of sim- 
plicity f’(x) is assumed con- 
tinuous, then we must dis- 
tinguish whether on passing 
through these points f(x) 


y 


F- x3 


S23 


(e) zx 
Fig. 2.—Parabola Fig. 3.—Cubical parabola 


changes sign or not. In the first case this point separates a point 
where the function is monotonic increasing from another where 
it is monotonic decreasing. In the neighbourhood of such a point 
there can be no single-valued inverse function. In the second 
case the vanishing of the derivative does not destroy the 
monotonic character of the function y = f(x), so that a single- 
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valued inverse exists. But the inverse function will no longer 
be differentiable at the corresponding point; in fact, its derivative 
will be infinite there. The functions y= 2? and y = 2° at the 
point z= 0 offer examples of the two types. Figs. 2 and 3 
illustrate the behaviour of the two functions where they pass 
through the origin and at the same time show that one of the 
functions, namely y = 2%, has a single-valued inverse, but that 
the other function, y = 2%, has not. 


2. The Inverse of the Power Function. 


The simplest example of an inverse function is offered by the 
functions y = 2x" for positive integers n and, as we at first assume, positive 
values of x. Under these conditions y’ is always positive, so that for 
all positive values of y we can form a unique positive inverse function 


c= Vy = ytln, 


The derivative of this inverse function is immediately obtained in accor- 
dance with the above general rule by the following calculations: 


a(ytin) = des =s i = 1 = 1 1 = 1 m1 
dy dy dy nx™-1 nm yln-Tin gn 
dz 


and if we now denote the independent variable by x, we may finally 
write 


dy d 1 
Vs = 3 (alin) = ; aln—1, 


which agrees with the result obtained directly on p. 94. 

The point «= 0 requires special consideration. If x approaches 0 
through positive values, d(x1/")/dz, where n > 1, will obviously increase 
beyond all bounds; this corresponds to the fact that for n > 1 the deri- 
vative of the n-th power f(z) = a vanishes at the origin. Geometrically 
this means that the curves y= z!/n, n > 1, touch the y-axis at the origin 
(ef. fig. 17, p. 34). 

For the sake of completeness it should be noted that for odd values of n 
the assumption that x > 0 can be omitted and the function y = x” can be 
considered for all values of x without loss of its monotonic character or of 


d 
the uniqueness of its inverse. The differentiation formula iy (ylin) == = yin 1 
da) 


still holds for negative values of y; for z= 0, > 1, we have 


? 


which corresponds to an infinite derivative (dz/dy) of the inverse function 
at the point y = 0, 
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3. The Inverse Trigonometric Functions. 


In order to form the inverses of the trigonometric functions 
we once again consider the graphs of sinz, cosz, tanz, and cotz. 
We at once see from figs. 14 and 15, p. 25, that for each of these 
functions it is necessary to select a definite interval if we are 
to speak of a unique inverse; for the lines y = ¢ parallel to the 
z-axis cut the curves in an infinite number of points, if at all. 


mare sin y 


Fig. 4.—The inverse sine function 


For the function y= sinz the derivative y’ = cosz will e.g. 
be positive in the interval —a/2<a2< 7/2. In this interval 
the sine accordingly has an inverse function; we write the in- 
verse function of the sine in the form * 


x= are siny 


(read arc sine y; this means the angle whose sine has the value y). 
This function runs monotonically from —7/2 to +-7/2 as y tra- 
verses the interval —1 to +1. If we especially wish to emphasize 
that we are considering the inverse function of the sine for this 
very interval, we speak of the principal value of the arc sine. 
Tf we form the inverse function for some other interval in which 
sinz is monotonic, e.g. the interval +7/2<2< 32/2, we 
obtain “ another branch” of the are sine; without the exact 
statement of the interval in which the values of the function 
must lie the arc sine is a multiple-valued function, and in fact 
has an infinite number of values. 

In general, the fact that arcsiny is multiple-valued is 
expressed by the statement that to any one value y of the sine 
there corresponds not only the angle x but also the angle 
Qk + 2, as well as the angle (24+ 1)a— «a, where & is any 
integer (cf. fig. 4). 


* The notation x = sin ‘y is also used in English books, 
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The differentiation of the function z= arc siny is performed 
in virtue of our general rule by the following short calcula- 
tion: 

dz__1 1 1 1 


dy y cosa +VY- sin?z) +$V1— xy 
where the square root is to be taken as positive if we confine 
ourselves to the first interval mentioned.* 
If the independent variable is finally changed back from 


y to x, the differentiation formula for the function arc sinz is 
_ obtained in the following form: 


d : 1 
— are sing = 


da V(1 — ay 


Here it is assumed that the arc sine lies between —7/2 and +7/2, 
and the square root sign is chosen positive. 


Y= COS X 


Fig. 5.—The inverse cosine function 


For the inverse function of y= cosz, denoted by arc cosz, 
we obtain the differentiation formula 


ul arc cosz == — ae 

da Va—#) 
in exactly the same way. Here we take the positive sign of the 
root if the value of arc cosz is taken in the interval between 0 
and 7m (not, as in the case of arc sinz, between —7/2 and +-2/2); 
ef. fig. 5. 

A word remains to be said about the end-points s = —1 and 
g==-+1. The derivatives become infinite on approaching these 
end-points, corresponding to the fact that the graphs of the 

* If instead of this we had chosen the interval #/2 < x < 32/2, correspond- 


ing to the substitution of x + a for 2, we should have had to use the negative 
square root, since cos2 is negative in this interval. 
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inverse sine and inverse cosine must possess vertical tangents at 


these points. 


We can deal with the inverse functions of the tangent and 


cotangent in an analogous way. 


Fig. 6.—The inverse tangent function 


The function y= tan x, whose de- 
rivative 1/cos*w for x=: m/2-- km 
is everywhere positive, has a 
unique inverse in the interval 
—a/2<a2<7/2. We call this 
inverse function «= arc tany 
or (by interchange of the letters 
vand y)y= arc tanz. We see at 
once from fig. 6 that the original 
many-valuedness of the inverse 
—i.e. the many-valuedness which 
occurs if the interval of the 
values of the function is not 
fixed—is expressed by the fact 
that for each 2 we could have 
chosen instead of y any of the 
values y-+ kaw (where k& is an 


integer). For the function y = cotzx the inverse x = arc cot y, or 
(by interchange of x and y) y = arc cota, is uniquely determined 
if we require that its value shall lie in the interval from 0 to 7; 
the many-valuedness of arc cotz is otherwise the same as for 


arc tanz. 


The differentiation formule may be found as follows: 


v= are tany, ied 6 ip se et 
dy dy l+tan?tzs 1+ 

dz 
% == arc coty, Fe ieee, Soe a 
dy 1 + cot? 1+ ¥’ 
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4. The Corresponding Integral Formule. 


Expressed in the language of the indefinite integral, the 
formule which we have just derived read as follows: 
1 


: 1 
Ia dz = arc sing, Sa" —arc cos, 


1 = 1 
ite dx = arc tang, ite 


dz = —arc cota. 
Between the pair of formule on the left and that on the right, 
which express each indefinite integral in the form of two functions 
which appear entirely different, no contradiction exists. We 
must remember that in the case of the indefinite integral an 
arbitrary additive constant remains at our disposal. If we choose 
these constants so that they differ by 7/2 and recall that 
a/2— arc cosz = arc sinz and likewise 7/2 — arc cot = arc tana 
this formal disagreement is immediately cleared up. The in- 
definiteness simply depends on the fact that the indefinite 
integral is not a single definite function, but a whole family of 
functions which differ from one another by arbitrary additive 
constants. The equation for an indefinite integral specifies not 
the value, but only a value, of it. As we have already remarked, 
it would be more correct to express this fact by always including 
the undetermined constant, thus writing, not 


[fade = F(a), 
but f f(x)dz = F(z) +0. 


For convenience, however, it is usual to avoid this more detailed 
form; the reader should therefore be all the more careful to bear 
in mind the indefiniteness which is always associated with the 
shorter form (see also p. 116). 

From the formule for indefinite integration there immedi- 
ately follow formule for definite integration, as on p. 117. 
In particular, 


dx 


r 
———~ = arctanz! = arc tanb — arc tana. 
al+2@ a 
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If we put a = 0, b= 1 and recall that tan0 = 0 and tanz/4= 1, 
we obtain the remarkable formula 

7 r 1 

-= | ——— dz. 

4 4¥o1l+22 

The number 7m, which originally arose from the consideration 

of the circle, is by this formula brought into a very simple relation- 


Fig. 7.—7/2 illustrated by an area 


ship with the rational function 
defined as shown in fig. 7. 


Tat and is expressed by the area 


EXAMPLES 


1. ty= Ty 16 corresponds to x = 8. Find © for 2 = 8; solve 
2 


y= 7 for « and find a for y = 16, and show that the values of these 
derivatives are consistent with the rule for inverse functions. 
2. Prove that (a) are sina--are sin B = are sin(« V1— p?-++ BV 1— 02); 
(6) are sina-+ are sin S=arc cos( 1—a? V1— 2a); 
a+ 8B 


(c) arc tana + arc tanB = arc tan ———_, 
1— a8 


Differentiate the expressions in Ex. 3-10 and write down the corre- 
sponding integral formule: 


a Ve, 6. V2, Waal 
l+z2 1— tanz are tang 
4. Vx cos*z, 7. arc sinz.are cos2. 10. 5 arc cotz + l : 
are cosz 
5 1+ V2 8 1+ arc tanz 


l— vz ” }— arc tang 
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Il. Using graph paper, plot y = i + a 


1 
squares, find uh oun dz, thus obtaining an estimate for = (cf. Ex. I, 
p. 121), “0 1+# - 


on a large scale. By counting 


4, DIFFERENTIATION OF A FUNCTION oF A FUNCTION 


1. The Chain Rule. 


The preceding rules for differentiation enable us to differen- 
tiate every function which can be expressed as a rational expres- 
sion whose terms are functions with known derivatives. We 
can, however, take yet another important step forward and 
differentiate all those functions obtained by compounding func- 
tions with known derivatives. Let 4(x) be a function which is 
differentiable in an interval a<xz<b and assumes all values 
in the interval a<¢< f. We now wish to consider a second 
differentiable function 9($) of the independent variable ¢, in 
which the variable ¢ ranges over the interval from a to B. We 
can now regard the function 9() = g{¢(x)} = f(z) as a function 
of x in the intervala<a<b. The function f(z) = H{$(z)} 
will then be called a function of « compounded from the 
functions g and 4, or a function of a function. 


If, for example, 9(z) = 1 — 2* and g(@) = V9, this compound func- 
tion is simply f(x) = V(1— 2x). For the interval a <x <b we here take 
the interval 0 S231. The values of the function $(«) exactly fill up the 
interval 0 So <1; the compound function f(x)= V(1— x") is there- 
fore defined in the interval 0 <a <1. 

Another example of the compounding of functions is the function 
f(z) = V(1 + 2), where the compounding process may be indicated by 
the equations 


g(t) = 1+ 2%, g(o)=Vo 


and where the value of the function ¢(z) runs through all positive 
numbers 2 1,80 that the function f(x) = g{(x)} can be formed for all 
values of x. 

In compounding functions in this way we must naturally be careful 
to restrict ourselves to intervals aS 2b for which the compound 
function is defined. For example, the compound function V (1 — x) is 
defined only for values of z in the region —1 <2 <1, and not in the 
region 1 < x 2, for when = is in this last interval the values of the 
function ¢(x) consist of negative numbers, for which the function 9(¢) is 
not defined. 


Just as we can compound two functions with one another, we can and 
ee (0798) 
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must consider functions in which the compounding process is performed 
more than once. Such a function is 


V (1 + are tan 2) 
which can be built up by the compounding process 
9(z) = 2%, (9) = 1+ aretang, g(b)= Vb(—) = f(z). 

For the differentiation of compound functions we have the 
following fundamental theorem, the chain rule of the differential 
calculus: 

The function i(x) = g{(x)} is differentiable, and its derivative 
ts given by the equation 

f'(2) = 9'(¢) - '(@), 
or, in Leibnitz’s notation, 
ae I a4 
dx dd dz 
In words: the derivative of the compound function ts the product 
of the derivatives of the constituent functions. 

The proof of this formula follows very easily if we recall the 

meaning of the derivative. For any arbitrary Ax = 0 and cor- 


responding values of A¢ and Ag there exist two quantities « 
and y, tending to 0 with Az, such that 


Ag = 9'(¢)Ad+ «Ad and Ad= ¢'(x)Ax + nAg; 
we have only to calculate 7 from the second equation and, where 
A¢ = 0, ¢ from the first equation, while if Ad = 0, we put «= 0. 
If in the first of these equations we now substitute the value of 
A¢ from the second equation, we obtain 


Ag = 9 (P)$' (wbx + {ng'(B) + ef'(e) + en} Ae, 
or FL = G(P)$' Ce) + {ng (4) + €8'@) + en}. 


In this equation, however, we can let Az tend to 0, and at once 
obtain the result stated, since the bracket on the right tends to 
zero with Aa. Consequently the left-hand side of our equation 
has a limit f’(z), and this limit is equal to the first term on the 
right-hand side, as was stated.* 


* We could also have proved the rule by carrying out the pa ¥ to the 


oar ‘ o, 49 — Ag Ad 
limit Az -> 0, and consequently A¢ > 0, in the equation Aa Be oe The 
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By successive application of our formula we can immediately 
extend it to functions which arise from the compounding of more 
than two functions. If, for example, 


y=g(u), U= dv), v= ¥(2), 


we can think of y= f(x) as a function of 2; its derivative is 
given by the rule 


dy, __ Hoy vin ay du dv 
ag fF ~IMPCOV@)=F 7-7 


The case of a function compounded of an arbitrary number of 
functions is essentially similar. The proof may be left to the reader. 


2. Examples. 

As a very simple example we consider the function y = 2°, where we 
put « = p/q, q being a positive integer and p a positive or negative integer, 
so that « is an arbitrary positive or negative rational number. Let x be 
positive. By the chain rule with 

y=, p= rile 
we have the formula 
y = pg.) n0~ole = P 20-1, 
q q 
so that for arbitrary rational values of « we obtain the differentiation 
formula d 


zs a = aget, 


in agreement with the result already found in another way in Chap. II, 


§ 3 (p. 94). 
As a second example, we consider 


y=V(1l—2) or y= Vo, 
where ¢ = 1— 2* and —1 <2 <1. The chain rule gives us 


ne ay a 7 
w= 575"! 2x) Vaaa) 


Farther examples are given in the following brief calculations: 
l. y= are sin V(1 — 2°), 


dy _ 1 dv (1 — 2) 
de V{i—(l1—2)}' dz 
1 —2z - 1 
“[2| Va— a) — 7a oy 


method in the text is, however, to be preferred, since it avoids the necessity 
for considering the case ¢’(z) = 0 specially. 
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2. we (=), 
(i+), 
Hee) 
d 1 l—«x 
dx l+a dz 
2,/(i+*) 
— V(l—2) 2 1 


“svai-+s) (@—a +a — ape 


The chain rule for differentiation can also be expressed in the form of 
an integration formula, in agreement with the fact that to each differen- 
tiation formula there corresponds a completely equivalent integration 
formula. Nevertheless, we will pass over this formula for the present, 
since we have no immediate need of it here and, moreover, it is discussed 
in detail later (Chap. IV, § 2, p. 207). 


3. Further Remarks on the Integration and Differentiation of 
x* when «@ is Irrational. 


In view of the elementary definition of the power a* by the equation 
x? = lim 2", 


where the numbers r,, form a sequence of rational numbers with the limit «, 
we might be tempted to effect the differentiation of x* by direct passage 
to the limit in the differentiation formula 


— in — Tn gin, 


We are not entitled to do this unless we have the right to conclude that 


d d 
from the relation 2’ -> a* there follows the relation i an > Gz 2 There 


is, however, a very serious objection 
OFODPOPFOFOD_ to such passage to the limit. For 
in any arbitrarily small neighbour- 
hood of a given curve other curves 
may be drawn whose direction at 


arbitrarily selected points differs 

SL Lwo from the direction of the original 
Fig. 8 —Approximation to a straight line Curve by any desired amount; for 
by wavy curves example, we may approximate to 

a straight line by a wave lying ar- 

bitrarily near it, the angle between the wave and the line reaching a 
value as high as 45° (see fig. 8). In other words, the above example 
shows us that from the fact that two functions differ only very litile from 
one another, we cannot immediately conclude that their derivatives also are 
everywhere nearly equal to one another. This objection forbids us to 
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perform the apparently obvious passage to the limit, in the absence of 
further justification. 

In this respect, however, the integral behaves quite differently from 
the derivative. We have already observed on p. 128 that if two functions 
differ by less than « throughout the interval from a to 0, their integrals 
must differ by less than e(b — a). We there used this result to establisb 
the validity of the differentiation formula 

lod oa 
aia: 


or, replacing « + 1 by «, 
d 
— a = agel, 
dx 
d 
In this indirect way, therefore, the relation — 
is verified. da 
The above discussion is a characteristic example of the interrelations 
of the differential calculus and the integral calculus. Yet in principle it 
is preferable to replace (as we shall do on p. 173 et seg.) the elementary 
definition of a* by another, essentially simpler, definition which will lead 
us once more to the same result, and this time directly. 


d ; 
an > an z* given above 
ka 


EXAMPLES 


Differentiate the following functions: 


1, (@ + 1). 11. sin(z*), 
2. (3% + 5). 12. V(1 + sin?z). 
1 6 5 
i a 13. 2*ein4. 
ae a 
sy as 14. tan Lt 
5 1 l—@z 
‘lat 15. sin(2? + 3x + 2). 
6. (ax + b)" (n an integer). 16. are sin(3 + 2°). 
7. ne AE ss: 5, 17. arc sin (cos2). 
i fae - 18. sin(arc cos V (1 — x*)), 
ax? +- bz +6 - -V2 
° 4 (f=). 19. eV? — . 
9. (VW (1 — x)?*)5, 20. [sin(z + 7)] V5. 


10. sin*2, 21. {arc sin(a cosxz + b) ]*% 
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5. Maxima AND MINIMA 


Now that we have attained a certain mastery of the problem 
of differentiating the elementary functions and the functions 
compounded from them, we are in a position to make a variety 
of applications. Here we shall consider the simplest of these 
applications, the theory of maxima and minima of a function, 
in conjunction with a geometrical discussion of the second deri- 
vative, and then in the next section we shall again take up the 
thread of the general theory. 


1. Convexity or Concavity of Curves. 
By definition the derivative . J (x) of a function f(x) gives 
the slope of the curve y= f(z). This slope can itself be repre- 


y 
‘y=ta) 

| 
| 
| 
! 
! 

(@) 

Fig. 9a.— f’"(x) > 0 Fig. 9b.— f(x) <0 


sented by a curve y = £ f(x) =f'(x), the derived curve of 
the given curve. The slope of this last curve will be given by the 
derivative : @= = f(x) =f" (x), the second derivative of 


f(z), and so on. If the second derivative f’(z) is positive at a 
point z—so that owing to continuity (which we here assume) it 
is positive in a certain neighbourhood of the point x—then the 
derivative f’(x) must increase as it passes this point in the direc- 
tion of increasing values of z. Hence the curve y = f(z) turns 
its convex side towards the direction of decreasing values of y. 
The opposite is true if f(x) is negative. In the first case, there- 
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fore, the curve in the neighbourhood of the point lies above the 
tangent, in the second case below the tangent (see figs. 9a and 6). 

Special consideration is required only in the case of points 
where f(z) = 0. On passing through such a point the second 


y 


f@) 


Fig. 10.—Point of inflection 


derivative f”(z) will, as a rule, change its sign. Such a point will 
then be a point of transition between the two cases indicated 
above; that is, the tangent will on one side be above the curve, 
and on the other side below it, so that besides touching the 
curve it will also cross it (see fig. 10). Such a point is called a 
point of inflection of the curve, and the corresponding tangent 
is called an inflectional tangent. 


The simplest example is given by the function y = 24, the cubical 
parabola, for which the z-axis itself is an inflectional tangent at the point 
x= 0. Another example is given by the function f(x) = sin 2, for which 
f(x) = d(sin x)/dz=cosz and f’(x) = d*(sinx)/dxe* = —sinz. Conse- 
quently f(0) = 1 and f”(0) = 0; since the sign of f”(x) changes at = 0, 
the sine curve has at the origin an inflectional tangent inclined at an 
angle of 45° to the z-axis. 

It must, however, be noted that points can exist where f’(x) = 0 
although the tangent does not cut the curve, but remains entirely on one 
side of it. For example, the curve y = 2! lies entirely above the Re 
although the second derivative f(z) vanishes for x = 0. 


2. Maxima and Minima. 


We say that a continuous function or a curve y = f(z) has a 
maximum (minimum) at a point € if in at least some neighbour- 
hood of the point = € the values of the function f(x) for 2 +: ¢ 
are all less than f(£) (greater than f(¢)), By a neighbourhood of 
a point we mean an interval aS 2z<f which contains the 
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point £ in its interior. Geometrically speaking, such maxima 
and minima are respectively the wave-crests and wave-troughs of 
the curve. A glance at fig. 11 shows us that the value of the 
maximum at one point P,; 
may very well be less than 
the value of the minimum 
at another point P,; thus 
the concept of maximum 
and minimum is always to 
some extent relative, on 
Fig. 11.—Maxima and minima account of the restriction to 
a certain neighbourhood. 
If we wish to fix upon the actual greatest or least value of 
the function we must employ special means for deciding how 
this value is to be selected from among the maxima or minima. 
The point for us at present is to find the (relative) maxima 
or minima, or, to use a word that covers both maxima and 
minima, the relative extreme values (extrema) * of a given func- 
tion or curve. This problem, which is very frequently en- 
countered in geometry, mechanics, and physics and which occurs 
in many other applications, formed one of the principal incentives 
for the development of the differential and integral calculus in 
the seventeenth century. 
We see at once that if the function is assumed to be differen- 
tiable, the tangent to the curve at an extreme value ¢ must be 
horizontal. Hence the condition 


f(g) =0 


is a necessary condition for an extreme value; by solving this 
equation for the unknown £ we obtain the points at which an 
extreme value may possibly occur. Our condition, however, is 
by no means a sufficient condition for an extreme value; there 
may be points at which the derivative vanishes, i.e. at which 
the tangent is horizontal, although the curve has neither a maxi- 
mum nor a minimum there. This occurs if at the given point 
the curve has a horizontal inflectional tangent cutting it, as in 
the above example of the function y = 3 at the point «= 0. 


* The expressions turning value, turning point, are also used. On the other 
hand, the terms stationary value, stationary point, include inflections as well as 
maxima and minima. 
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If, however, we have found a point at which S'(z) vanishes, 
we may immediately conclude that the function has a maximum 
at that point if f’(€) < 0, a minimum if f'(&)> 0. For in the 
first case the curve in the neighbourhood of this point lies com- 
pletely below the tangent, in the second case completely above 
the tangent. 

Instead of basing the deduction of our necessary condition 
on intuition we could, of course, have given an easy proof by | 
purely analytical methods (cf. the exactly analogous considera- : 
tions for Rolle’s theorem, p. 105). If the function F(z) has a 
maximum at the point €, then for all sufficiently small values of 
h different from 0 the expression f(£) — S(€ + h) must be posi- 


tive. Therefore the quotient fer NAS will be positive or 


negative, according as h is negative or positive. Thus if h tends 
to zero through negative values the limit of this quotient cannot 
be negative, while if h tends to zero through positive values the 
limit cannot be positive. But since we have assumed that the 
derivative exists these two limits must be equal to one another 
and, in fact, to f’(é), which therefore can only have the value 
zero; we must have f’(¢) = 0. A similar proof holds for the case 
of a minimum. 

We can also formulate, and prove analytically, conditions 
which are necessary and sufficient for the occurrence of a maximum 
or a minimum, without involving the second derivative. We 
suppose that the function f(x) is continuous and has a continuous 
derivative f’() which vanishes only at a finite number of 
points. 

Then (x) has a maximum or a minimum at the point x= é #f, 
and only if, the derivative f(x) changes sign on passing through 
this point; in particular, the function has a minimum of the deri- 
vative is negative to the left of & and positive to the right, while in 
the contrary case it has a maximum. 

We prove this by using the mean value theorem. First, we 
observe that to the left and right of ¢ there exist intervals 
é<a<é and é<a<é, (extending to the nearest points 
at which f’(z) = 0) in each of which f’(z) has only one sign. If 
the signs of f(z) in these two intervals are different, then 
f(é + h) —f(é) = hf (E+ Oh) has the same sign for all numeri- 
cally small values of 4, whether h is positive or negative, so that 
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JF(€) is an extreme value. If f’(z) has the same sign in both in- 
tervals, then Af’(é-+ 0h) changes sign when h does, so that 
F(E+4) is greater than fi (€) on one side and less than f(£) on 
the other side, and there is no extreme value. Our theorem is 
thus proved. 

At the same time we see that the value f(£) is the greatest 
or least value of the function in every interval, containing the 
point ¢, in which the only change of sign of f’(x) occurs at 
é itself. 

The mean value theorem on which this proof is based can 
still be used even if f(x) is not differentiable at an end-point 
of the interval in which it is applied, provided that f(z) 
is differentiable at all the other points of the interval; for 
example, the above proof still holds if f’(x) does not exist 
at a== € This leads us to the following more general result: 
if the function f(z) is continuous in an interval containing the 
point €, and everywhere in this interval, with the possible 
exception of € itself, has a derivative f’(z) which vanishes at not 
more than a finite number of points, then f(z) has an extreme 
value at the point e= é if, and only if, the point £ separates 
twointervals in which f’(z) has different signs. For example, 
the function y=|z| has a minimum at x= 0, since y’ > 0 
for > 0 and y’ <0 for z <0 (cf. fig. 9, p. 97). The function 
y = /2* likewise has a minimum at the point x= 0, even 
though its derivative 32~# is infinite there (cf. fig. 12, p. 99). 

In addition we make the following remark on the general 
theory of maxima and minima: the finding of maxima and 
minima is not directly equivalent to the finding of the greatest 
and least values of a function in a closed interval, In the case 
of a monotonic function these greatest and least values will be 
assumed at the ends of the interval and are therefore not maxima 
and minima in our sense; for this latter concept refers to a 
complete neighbourhood of the place in question. Thus for ex- 
ample the function f(z) = z in the interval 0S @ 31 assumes 
ita greatest value at the point = 1, and its least value at 2 = 0, 
and 4 corresponding statement. holds for every monotonic func- 
tion, The function y = arc tan 2, whose derivative is 1/(1 + 2), 
is monotonic for —0© <2%<-+, and in that open interval 
possesses. neither & maximum nor a minimum, nor @ greatest 
or a least. value. 


ty MAXIMA AND MINIMA 163 


If after finding the zeros of (x) we wish to make sure that 
we have thereby found the points at which the function has its 
greatest or least values, we can often make use of the following 
criterion: 

A point & at which (x) vanishes gives the least or greatest 
value of the function {(x) in a whole interval, of throughout that 
interval {'"(x) > 0 or £"(x) <0 respectively. 

For if € and ¢+ h both belong to the interval 
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by the mean value theorem. Hence at the point x= ¢+ h the 
derivative f’(z) has the same sign as h or the opposite sign, accord- 
ing as f(x) > 0 or f’(x) <0; the statement then follows from 
the remark following the theorem at the top of p. 162. 


3. Examples or Maxima and Minima. 


Ex. 1, Of all rectangles of given area, to find that with the least peri- 
meter. 

Let a* be the area of the rectangle and x the length of one side (here 
we must consider x as ranging over the interval 0 < 4 < oo); then the 
length of the other side is a*/z, and half the perimeter is given by 


a? 
f(x) s=a+ = 


He) = 1% oe) a. 2 
We have f(%)=1 =, f(z) = =e 
The equation f’(E) = 0 has the single positive root =a. For this value 
f(z) is positive (as it is for any positive value of x); it therefore gives the 
required least value, and we obtain the very plausible result that of all 
rectangles of given area the square has the smallest perimeter. 

Haz, 2, Of all triangles with given base and given area, to find that 
with the least perimeter. 

To solve this problem, we take the #-axia along the given base AB 
and the middle point of AB as the origin. If C is the vertex of the triangle, 
h its altitude (which is fixed), and (x, h) are the co-ordinates of the vertex, 
then the sum of the two sides of the triangle AC and BC which are to be 
determined will be given by 


F(z) = V{ (z+ a) + AY} 4+ V{(2— att Wy 
where 2a is the length of the base. From this we obtain 


z+a ‘ a-—a 


TO Tet art me) t Vesa E ay 
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—(x+ a)? 1 —(x — a)? 


i@)= Tart wp Viet are) Vie— art we 
d. 1 
Vv {(a— a)? + h?} 
he i 


— Vierape my Vea Eee 


We see at once (1) that f’(0) vanishes, (2) that f/(x) is always positive; 
hence at z= 0 there is a least value. For since f’(x) > 0 the first 
derivative f(x) always increases and therefore cannot be equal to zero 
at any other point, so that the point «= 0 must really give the least 
value of f(z). This least value is accordingly given by the isosceles triangle. 

Similarly, we find that of all triangles with given perimeter and given 
base the isosceles triangle has 
the greatest area. 


Ex. 3. To find a point on 
a given straight line such that 
the sum of its distances from 
two given fixed points is a 
minimum. : 

Let there be given a straight 
line and two fixed points A 
and B on the same side of the 
line. We wish to find a point 
P on the straight line such 
that the distance PA + PB 
has the least possible value. 

We take the given line as the z-axis and use the notation of fig. 12. 
Then the distance in question is given by 


f(a) = V (a? + h*) + V {(@ — a)? + hy}, 


Fig. 12.—Law of reflection 


and we obtain 
7, ee, z zZ—a 
T= Tass + Vie — oF Fay 
oe) =e —2 1 —(%— a)? 
LO= Tapp t Vere * Veal + ie 


1 
+ V(@—aF Fh} 
h? h,? 
= 
V(e+ he Vv {(e— a)? + hy? 
The equation f’(&) = 0 accordingly gives us 
ee ey ge Sol ee 
V(t) VUE — ah + hey 
or cosa = cos B, 


ny MAXIMA AND MINIMA 165 


which means that the two lines PA and PB must form equal angles 
with the given line. The positive sign of f(x) shows us that we really 
have a least value. 

The solution of this problem is closely connected with the optical law 
of reflection. By an important principle of optics, known as Fermat’s 
principle of least time, the path of a light ray is determined by the property 
that the time that the light takes to go from a point A toa point B under 
known conditions must be the least possible. If the condition is imposed 
that a ray of light shall on its way from A to B pass through some point 
on a given straight line (say on a mirror), we see that the shortest time 
will be taken along the ray for which the “ angle of incidence” is equal 
to the “ angle of reflection ”. 

Ex. 4, The Law of Refraction.—Let there be given two points A and 
B on opposite sides of the z-axis. Which path from A to B corresponds to 
the shortest possible time if the velocity on one side of the z-axis ig Cm 
and on the other side c,? 


Fig. 13.—Law of refraction 


It is clear that this shortest path must lie along two portions of straight 
lines meeting one another at a point P on the z-axis. Using the notation 
of fig. 13, we obtain the two expressions V (h? + 2*) and V{h,? + (a — x)*} 
for the lengths PA, PB respectively, and we find the time of passage along 
this path by dividing the lengths of the two segments by the corresponding 
velocities and adding. This gives us 


fle) = 2 V (8 + at) + - V {hy + (a—2)?}, 


for the time taken. 
By differentiation, we obtain 


f= i z -_ 1 a—2z 
OV (We + 2%) og V {hy + (a — ay 
f(a)=1 We hy! 


6 V(t PT 6, VRE + (a — ayey 
As we readily see from the figure, the equation f(x) = 0, ie. 


1 x 1 a—2z 


Veta) Viet @—ay 
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is equivalent to the condition sing = J sin B, or 


Cy 
BUD gO 
sinB ¢, 


We leave it to the reader to prove that there is only one point which 
satisfies this condition and that this point actually yields the required 
least value. The physical meaniig of our example is again given by 
the optical principle of least. time. A ray of light travelling between two 
points describes the path of shortest time. If c, and ¢, are the velocities of 
light on either side of the boundary of two optical media, the path of the 
light will be that given by our result, which accordingly gives Snell’s law 
of refraction. 

EXAMPLES 

1. Find the maxima, minima, and points of inflection of the following 
functions. Graph them, and determine the regions of increase and de- 
crease, and of convexity and concavity: 

(a) a — 6e+ 2. (b) a(1— 2). (6) 2a/(1+ 2°). 
(d) a®/(z4+- 1). (e) sin. 

2. Determine the maxima, minima, and points of inflection of 
2 + 3px +g. Discuss the nature of the roots of 2° + 3px + q= 0. 

3. Which point of the hyperbola y? — 32?= 1 is nearest to the 
point «= 0, y = 3? 

4. Let P be a fixed point with co-ordinates 2, yo in the first quadrant 
of a rectangular co-ordinate system. Find the equation of the line through 
P such that the length intercepted between the axes is a minimum. 

5. A statue 12 ft. high stands on a pillar 15 ft. high. At what distance 
must a man 6 ft. high stand in order that the statue may subtend the 
greatest possible angle at his eye? 

6. Two sources of light, of intensities a and b, are at a distance d apart. 
At which point of the line joining them is the illumination least? (Assume 
that the illumination is proportional to the intensity and inversely pro- 
portional to the square of the distance.) 

7. Of all rectangles with a given area, find 

(a) the one with the smallest perimeter; 
(6) the one with the shortest diagonal. 


8. In the ellipse e+ v= 1 inscribe the rectangle of greatest area. 


9. Two sides of a triangle are a and b. Determine the third side so that 
the area is a maximum. 

10. A circle of radius r is divided into two segments by a line g at a 
distance h from the centre. In the smaller of these segments inscribe the 
rectangle of greatest possible area. 

ll. Of all circular cylinders with a given volume, find the one with the 
least area. 
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12. Given the parabola y? = 2px, p > 0, and a point P(x = &, y= 9) 
within it (7? < 2pt), find the shortest path (consisting of two line seg- 
ments) leading from P to a point Q on the parabola and then to the focus 
F(x = 4, y == 0) of the parabola. Show that the angle FQP is bisected 
by the normal to the parabola, and that QP is parallel to the axis of the 
parabola. (Principle of the parabolic mirror.) 

13.* A prism deflects a beam of light travelling in a plane perpendicular 
to the edge of the prism. What must the relative position of prism and 
beam be for the deflection to be a minimum? 7 

14, Given n fixed numbers a,,..., @,, determine x ao that 3 (a, — x)* 
is a minimum. soa 

15. Prove that if p > 1 and z> 0, 2?—1 = p(x — 1). 

16. Prove the inequality 1 2 92% > 2o<2< 

Fd 


17. Prove that (a) tanz > 2, 0 
(b) cosa > 1 ~ 


Sa 
2 
> 
18.* Given a, > 0, a, >0,..., a, > 0, determine the minimum of 
A+... +O, +2 
n 


WV AyOg sya 
for x > 0. Use the result to prove by mathematical induction that 


—————- __W+...+a, 
Vd «+ 6 by SA. 


6. Taz Logariram anp THE EXPONENTIAL FUNCTION 


The systematic relations between the differential calculus 
and the integral calculus lead naturally to a convenient method 
of approach to the exponential function and the logarithm. 
Although we have already (pp. 25, 69) investigated these 
functions, we now define them afresh and develop their theory 
again without making any use of our previous definition and 
the results based on it. We begin with the logarithm, and then 
obtain the exponential function as its inverse. 

1, Definition of the Logarithm. The Differentiation Formula.. 

We have seen that indefinite integration of the power 2" 
for integral indices m in general leads to a power of 2 ‘The 
only exception is the function 1/2, which does not appear asthe 
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derivative of any of the functions which we have dealt 
with so far. It is natural to suppose that the indefinite 
integral of the function 1/x represents a new sort of function; 
so, following up this idea, we will proceed to investigate the 
function 


y= [ F=f) 


for z> 0. We call it the logarithm of x, or, more accurately, the 
natural logarithm of x, and write it y= loga or y = nat logz. 
We have denoted the variable of integration by & in order to 
avoid confusion with the upper limit a. 

The choice of the number 1 as lower limit is an arbitrary one, 
which, however, will soon prove its convenience. 

In the course of the following argument it will appear that 
the logarithm defined here is the same as the logarithm which we 
previously (p. 70) defined in an 
“elementary way”. But, as we 
once more emphasize, the results 
of the following investigations are 
independent of those obtained 
earlier. 


Geometrically our logarithmic func- 

tion means the area shown shaded 

Fig. 14.—Log * illustrated by an area —in fig. 14, which is bounded ahove by 

the rectangular hyperbola y= 1/6, 

below by the &-axis, and at the sides by the lines €= 1 and = 2. This 

area is to be reckoned positive if > 1, negative if# <1. For z= 1 the 
area vanishes, and we therefore have log 1 = 0. 


According to the above definition the derivative of the 
logarithm is given by the formula 


d(logz) 1 
dz « 


Here let us expressly emphasize that we assume through- 
out that the argument = is positive; the logarithm of 0 or 
of any negative value cannot be formed in accordance with 
the formula above, for the integrand 1/€ becomes infinite 
when ¢=0. On the other hand, if we choose some negative 
number, say —1, for the lower limit, we can form the integral 
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with a negative upper limit 2, ie. we can consider the expres- 


sion 
f La re 0). 
-1 é 
Owing to the significance of the integral as the limit of a sum or 
as an area, we see that for z <0 


[fe pre— pee 
-1€ 1 € hn € 
In conformity with this we can in general write the formula for 
indefinite integration as 


[FH 'og| 21. 


The logarithm can, of course, y 
be represented by means of a 
graph. This graph, the loga- 
rithmic curve, is shown in fig. 
15. We have already seen (p. 
119 et seq.) how to construct it. 


2. The Addition Theorem. 


The logarithm defined as 
above obeys the following 
fundamental law: 


log (ab) = loga + logb. 
The proof of this addition theorem follows directly from the 


differentiation formula. For, writing z = log(az), and applying 
the chain rule, we have 


Fig. 15 


But 


and since the functions z and logr have the same derivative 
they differ only by a constant, so that z= loga + ¢ or 


logaz = logs + e. 
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This being true for all positive values of x, we first put z= 1 to 
find ¢; since log1 = 0, this yields 


loga = c. 
Substituting this value for c, we have 


logar = logs + loga, 
whence, for z = b, 


logab = loga + log®d, 


which was to be proved. 
For arbitrary positive numbers a1, d2,...,@, the equation 


log (a,a_ . . . @,) = loga, + loga, + ... + loga, 


follows from the addition theorem for the logarithm. 
In particular, if all the numbers a, a2, ..., @, are equal to 
one and the same number a, we have 


loga® = n loga. 
Similarly, it follows that 
loga +- lo; : = logl1 = 0, 


so that loga = —log = 


If, further, we put ~/a = a it follows that loga = n loga, or 
log ¥/a = loga’!" = - loga. 
From this by repeated use of the addition theorem we find 
that, when m is a positive integer, 
7 loga = log ¥/a™ = loga™!", 
The equation loga’ = r loga 


is thus proved for all positive rational values of r, and for r= 0 
it is obviously correct. For negative rational values of r it is 
also valid, for then 


logat = jog = —loga’ = + loga. 
a’ 
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3. Monotonic Character and Values of the Logarithm. 


The value of the logarithm obviously increases when x in- 
creases, and decreases when a decreases; the logarithm is there- 
fore a monotonic function. 

Since the derivative 1/z becomes smaller and smaller as z 
increases, the function increases more and more slowly as x 
increases. Nevertheless, as x increases beyond all bounds the 
function log does not tend to a positive limit, but becomes 
infinite; that is to say, for every positive number A, no matter 
how large, there are values of x for which logz > A. This fact 
follows very readily from the addition theorem. For log 2” == 
n log2, and since log2 is a positive number, by taking z= 2" 
with sufficiently large values of m we can make loga as large 
as we please. 

Since log(1/2") = —n log2, we see that as x tends to zero 
through positive values logz is negative and increases numeri- 
cally beyond all bounds. 

Summing up these results: 

The function loge is a monotonic function which assumes 
all values between —oo and +00 as the independent variable z 
ranges over the continuum of positive numbers. 


4. The Inverse Function of the Logarithm (the Exponential 
Function). 


Since the function y = logz (x > 0) is a monotonic function 
of a which assumes all real values, its inverse function, which we 
shall at first denote by « = E(y), must be a single-valued mono- 
tonic function defined for every real value of y; it is differentiable, 
since logz itself is differentiable. We interchange the notation 
for the dependent and independent variables, and proceed to 
study the function H(z) in detail. In the first place, it must 
clearly be positive for every value of x. Further, we must have 


£(0) = 1; 
for this equation is equivalent to the statement that log 1= 0. 


Secondly, from the addition theorem for the logarithm there 
immediately follows the multiplication theorem 


Ei(a)E(B) = E(a + 8). 
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To prove this we need only notice that the equations 
E(a)=a, E(B)=b, E(a+ B)=e 
are equivalent to 
a=loga, B=logb, a-+ B= loge. 


Since by the addition theorem for the logarithm a-+ B = logab, 
it must be true that c= ab, which proves the multiplication 
theorem. 

From this theorem we derive a fundamental property of the 
function y = E(x), which gives us the right to call our function 
the exponential function and to write it symbolically in the form 

y =e, 


In order to obtain this property we observe that there must 
be a number—which we shall call * e—for which 


‘loge = 1. 
This is equivalent to the definition 
E(l)=e 
Using the multiplication theorem for the function E(x), we have 
E(n) = e*, 


and, in the same way, for positive integers m and n, 


He) 
n 


which we could also have found directly from the addition 
theorem for the logarithm. 

The equation E(r)=e* thus proved for positive rational 
numbers r holds also for negative rational numbers in virtue of 


the equation 
E(r)\E(—r) = E(0) = 1. 


The function E(z) is therefore a function which is continuous 
for all values of z, and which for rational values of 2 coincides 
with e*. These facts give us the right to call our function e* for 


* Its identity with the number e considered on p. 43 will be proved in No, 6 
(p. 175). 
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arbitrary irrational values of « also.* (It should be noticed that 
here the continuity of e* is an immediate consequence of its 
definition as the inverse function of a continuous monotonic 
function, while if the elementary definition is adopted the con- 
tinuity must be proved.) 

The exponential function is differentiated according to the 
formula: 

d 


— e= = e ome yy, 
an e or y=y 


This formula expresses the important fact that the derivative of 
y 


the exponential function is the 
function itself. 

The proof is extremely 
simple. For we have z= logy, 
whence, by the formula for the 
differentiation of the loga- 


rithm, we have = L and 


then by the rule for inverse 
functions 


Ws. 
de 


y= &, 


as was stated. Fig. 16.—-The exponential function 

The graph of the exponential function e*, the so-called exponential 
curve, is obtained by reflection of the logarithmic curve in the line which 
bisects the first quadrant. It is shown in fig. 16. 


5. The General Exponential Function @* and the General 
Power x*. 


The exponential function a* for an arbitrary positive base a 
is now simply defined by the equation 


y= = e loga, 


* If we anticipate the fact, which will be proved on p. 175, that our number e 
is identical with the number so denoted previously, we have now proved that the 
definition given here yields the same exponential function with base e as was 
formerly defined by the process of raising to powers. For, according to that 
elementary definition, we defined the values of e® for irrational z’s as the limit 
of the expressions e%, where x, takes on a sequence of rational values with the 
limit z. 
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which agrees with the earlier definition in virtue of the 
relation 
eles — gq, 


Using the chain rule we immediately obtain 
d d 


—_v= rE e* loga = e* oe x loga, 


dx 


= a* loga. 


The inverse function of the exponential function y= a* is 
called the logarithm to the base a and is written 


a= logay, 


while the logarithmic function previously introduced, when a 
distinction is necessary, is spoken of as the natural logarithm, 
or logarithm to the base e. 

From the definition it follows immediately that 


logy = x loga = log,y . loga, 


which shows us that the logarithm of y to an arbitrary positive 
base a + 1 is obtained by multiplying the natural logarithm of 
y by the reciprocal of the natural logarithm of a, the modulus 
of the system of logarithms to the base * a. 

Instead of our previous definition of the general power 
x* (a > 0) we shall now define this power by the equation 


at = ef 108%, 
The rule for differentiating the power a* follows immediately 
from the definition, using the chain rule; for 
8 gpa ce Lae 


in agreement with our previous result (cf. p. 155). 


* If we take a = 10 we obtain the ordinary “ Briggian ” logarithms, which 
have already been met with in elementary mathematics and which are advan- 
tageous for use in numerical calculations. 
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6. The Exponential Function and the Logarithm represented 
as Limits. 


We are now in position to state important limiting relations 
referring to the quantities introduced above. We begin with the 
formula for differentiating the function J (x) = logz, 


z a) h h—>o 
_ 1 h 
= lim = log(1+ -). 
n—>oh og( s 3) 
If we put te 2, this becomes 
lim 2 log(1 + zh) = 2. 
h—>oh 
Since the function e* is continuous for all values of z, this implies 


that 
e* = Jim efloa(i+ shat lim (I + 2h)¥*, . . (a) 
>0 


h—>0 h 
If in particular we give h the sequence of values 1, y f heey z beh 
we have a8 ud 
lim 1+ 2)" =e, Bee a) 
n—> 0 n 


If to 2 we assign the value 1, formula (a) gives the following 
important fact: 
As h tends to zero, the expression (1+ h)* tends to the 
number e: 
lim (1+ h)¥* =e, 
h—>0 


lim (142)" =e, 


R—-> OD 


Formula (6) gives 


which proves that the number e is the same as the number 
denoted by the symbol ¢ on p. 43. 
From the differentiation formula for a?, 
+h 
a* loga = lim i 
h—>0 h 
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it follows for z= 0 that 


h 
loga = lim eo 
a—>o fh 


a formula which expresses the logarithm of a directly as a 
limit. 

To this equation we append the remark that by its means 
we can complete the relation 


b 
[ wde —_ 1 (6¢+1—a7t1) 
a a+l 


established earlier. We have always been obliged to exclude 
the case a==—1. Now, however, we can trace what happens 
when the number a tends to the limit —1. If we puta=1 
the left-hand side will by our definition of the logarithm have 


the limit * 
da 
[ S = vogts 


the right-hand side therefore has the same limit when a -> —1. 
This fact, moreover, is in accordance with the formula 


ao fh 
we need only write a+1=h. 
We have thus cleared up the exceptional case a= —1 in 
the integration formula which we have so often used. The 
formula above is still meaningless when a = —1, but as a limit 


formula it retains its significance as a —-> —1. 


7. Final Remarks. 


Here we briefly review the train of thought followed out in 
this section. We first defined the natural logarithm y = logs 
for «> 0 by means of an integral, whence we immediately 
deduced the differentiation formula, the addition theorem, and 
the existence of an inverse. We then investigated the inverse 
function y = e*, where the number e was seen to be the number 


* We have here carried out the passage to the limit a—» —1 under the 
integral sign without further investigation; cf. the discussion on p. 128 et seq. 
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whose logarithm is 1, and we derived its differentiation formula, 
as well as limit expressions for it and for the logarithm. The 
introduction of the functions y = 2* = e*°8* and y = a® = et bea 
followed naturally. 

In the discussion given here, as contrasted with the “ elemen- 
tary ” treatment, the question of continuity causes no difficulty, 
since the logarithm is defined as an integral and therefore as a 
continuous and differentiable function, whose inverse function 
is also continuous. 


ExaMPLEs 


1. Sketch the function gust (lS2z $2) on a large scale, using 
x 
graph paper, and find log,2 by counting squares. 
Differentiate the functions in Ex. 2-5: 


2. x(loga — 1). 4. log{a + V(1+ 2*)}. 

3. log log. 5. log{ V(1 + logz) — sinz}. 

6. Differentiate log viet (a) by using the chain rule and the 
V(2 + 2) 


quotient rule, without preliminary simplification; (6) first simplifying 
by means of the theorems on logarithms. 
8 
7. (a) Differentiate y= — Vie + 1) rs 
A/(z — 2) V(x + 1) 

(b) Differentiate the same function, first taking logarithms and sim- 
plifying. . 

8.* Given lim c, = 0, prove that lim {1+ «, .) =1, 

u—>o n> n 

9. Show that the function y= e~“(a cosz+ 6 sinz) satisfies the 

equation 
yf” + 2ay’ + (a? + l)y=0 

for all values of a and 6, 

10.* Show that £ (eo) = =o) 5 » when z= 0, where P,,(z) is 

iL 


a polynomial of degree 2n — 2. Establish the “recurrence formula ” 
Pasi (2) = (2 — 3na*) P, (x) + 2° P,’ (2). 


ll. Find the maximum of y = xA“e—4*, where and «@ are constants. 
find the locus of this maximum when 4 is allowed to vary. 


12. Differentiate a(@) (a > 0). 


13. Differentiate a%™70e2", 


7 (#798) 
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7. Some AppiicaTions or THE ExPonENTIAL FUNCTION 


In this section we shall consider some miscellaneous problems 
mvolving the exponential function, and we shall thus gain an 
insight into the fundamental importance of this function in all 
sorts of applications. 


1. Definition of the Exponential Function by Means of a Dif- 
ferential Equation. 


We can define the exponential function by a simple theorem, 
whose use will save us many detailed investigations of particular 
cases. 

If a function y = £(x) satisfies an equation of the form 


y' = gy 
where a. 1s a constant other than zero, then y has the form 
y = f(a) = ce, 


where c is also a constant; and conversely, every function of the form 
ce satisfies the equation y’ = ay. The latter is usually briefly 
referred to as a differential equation, since it expresses a relation 
between the function and its derivative. 

In order to make the theorem clear, we notice first of all 
that in the simplest case a= 1 the above equation becomes 
y' = y. We know that y = e* satisfies this equation, and it is 
clear that the same is also true of y = ce*, if c is an arbitrary 
constant. Conversely, we can easily see that no other function 
satisfies the differential equation. For if y is such a function, we 
consider the function u = ye~*. We must then have 


w= yee — yer = ey’ — 9). 
But the right-hand side vanishes, since we have assumed that 
y’ = y; hence u’ = 0, so that by p. 114 e seg. u is a constant 
e and y = ce*, as we wished to prove. 

The case of any non-zero value of a can be treated in exactly 
the same way as the special case a= 1. If we introduce the 
function u= ye, we obtain the equation u’ = y’e™ —- aye. 
Hence from the assumed differential equation we find that 
u’ = 0, so that w= c and y= ce*. The converse is clear. 
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We will now apply this theorem to a number of examples 
and thus make it more intelligible. 


2. Interest Compounded Continuously. Radioactive Disintegra- 
tion. 


A capital sum, or principal, which has its interest added to it at 
regular periods of time, increases by jumps at these interest periods in 
the following manner. If 100z is the rate of interest per cent, and if further 
the interest accrued is added to the principal at the end of each year, 
then after 2 years the accumulated amount of an original principal of 1 


will be (1+ a). 


If, however, the principal had the interest added to it not at the end 
of each year, but at the end of each n-th part of a year, then after x years 
the principal would amount to 

a ne 
(a + :) . 
n 


Taking = 1 for the sake of simplicity, ie. reckoning the interest at 
100« per cent for one year, we find that if the interest is computed in this 
latter way the principal 1 amounts after one year to 


(+g 


If we now let n increase beyond all bounds, i.e. if we let the interest be 
caloulated at shorter and shorter intervals, the limiting case will signify 
in a sense that the interest is compounded continuously, at each instant; 
and we see that the total amount after one year will be e* times the original 
principal. Similarly, if the interest is calculated in this manner, an original 
principal of 1 will have grown after x years to an amount e**; here z may 
be any number, integral or otherwise. 

The discussion in No. 1 (p. 178) forms a framework within which 
examples of this type are readily understood. We consider a quantity, 
given by the number y, which increases (or decreases) with the time. 
Let the rate at which this quantity increases or decreases be proportional 
to the total quantity. Then if we take the time as the independent variable 
%, we obtain a law of the form y/ = ay for the rate of increase, where «, 
the factor of proportionality, is positive or negative according as the 
quantity is increasing or decreasing. Then in accordance with No. 1 the 
quantity y itself will be given by a formula 


y = ce, 


where the meaning of the constant ¢ is immediately obvious if we con- 
sider the instantz= 0. At that instant e* — 1, and we find that c= yy 
is the quantity at the beginning of the time considered, so that we may 


bad y= He. 
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A characteristic example of the use of these ideas is the case of radio- 
active disintegration. The rate at which the total quantity y of the radio- 
active substance is diminishing at any instant is proportional to the total 
quantity present at that instant; this is a priori plausible, as each portion 
of the substance decreases as rapidly as every other portion. Therefore 
the quantity y of the substance expressed as a function of the time satis- 
fies a relation of the form y’ = —ky, where & is to be taken as positive 
since we are dealing with a diminishing quantity. The quantity of sub- 
stance is thus expressed as a function of the time by y = y,e~, where yy 
is the amount of the substance at the beginning of the time considered 
(time x = 0). 

After a certain time + the radioactive substance will have diminished 
to half its original quantity. This so-called half-value period is given by 


thi ti = 
nee tye = we™, 
whence we immediately obtain t = =e 


3. Cooling or Heating of a Body by a Surrounding Medium. 


Another typical example of the occurrence of the exponential function 
is offered by the cooling of a body, e.g. a metal plate, which is immersed in 
a very large bath of given temperature. In considering this cooling we 
assume that the surrounding bath is so large that its temperature is un- 
affected by the cooling process. We further assume that at each instant 
all parts of the immersed body are at the same temperature, and that the 
rate at which the temperature changes is proportional to the difference 
between the temperature of the body and that of the surrounding 
medium (Newton’s law of cooling). 

If we denote the time by x and the temperature difference by y = y(z), 
this law of cooling is expressed by the equation 


y = —hy, 


where & is a positive constant whose value depends on the body itself. 
From this instantaneous relationship, which expresses the effect of the 
cooling process at a given instant, we now wish to derive an “ integral 
law ” which will allow us to find the temperature at an arbitrary time x 
from the temperature at an initial time x= 0. The theorem of No. 1 


(p. 178) immediately gives us this integral law in the form 
y = ce, 


where k is the above-mentioned constant depending on the body. This 
shows that the temperature decreases “exponentially” and tends to 
become equal to the external temperature. The rapidity with which this 
happens is expressed by the number k. As before, we find the meaning 
of the constant c by considering the instant «= 0; this gives us y, = c¢, 
so that our law of cooling can finally be written in the form 


y= yoer™. 
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It is obvious that the same discussion will also apply to the heating 
of a body. The only difference is that the initia] difference of temperature 
Yo is in this case negative instead of positive. 


4. Variation of the Atmospheric Pressure with the Height above 
the Surface of the Earth. 


As a further example of the occurrence of the exponential formula we 
shall deduce the law according to which the atmospheric pressure varies 
with height. We here make use (1) of the physical fact that the atmospheric 
pressure is equal to the weight of the column of air vertically above a 
surface of area 1, and (2) of Boyle’s law, according to which the pressure 
of the air (p) at a given constant temperature is proportional to the density 
of the air (c). Boyle’s law, expressed in symbols, is p = ao, where a is a 
constant which depends on a specific physical property of the air and in 
addition is proportional to the absolute temperature—here we are not 
concerned with this, as we shall assume that the temperature is constant. 
Our problem is to determine p = f(h) as a function of the height (h) above 
the surface of the earth. . 

If by p, we denote the atmospheric pressure at the surface of the earth, 
i.e. the total weight of the air column supported by a unit area, and by 
a (A) the density of the air at the height 4 above the earth, the weight of the 


h 
column up to the height h will be given by the integral J o(A)daA. The 
pressure at height h will therefore be 


p= f(h) = py — f o(A)dd. 


By differentiation this yields the following relation between the pressure 
p = f(k) and the density o(h): 
o(h) = —f(h) = —p’. 


We now use Boyle’s law to eliminate the quantity o from this equation, 
thus obtaining an equation 


p=—-p 


which involves the unknown pressure function only. From p. 178 it follows 
that 
p= fh) = cee, 


If as above we denote the pressure at the earth’s surface, i.e. f(0), by Po 
it follows immediately that c= p), and consequently 


p= f(h) = poe hl, 
Changing to logarithms, we obtain 
h=alog?®, 
Pp 
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These two formulz find frequent application. For example, if the constant 
a is known they enable us to find the height of a place from the barometric 
pressure, or to find the difference in height of two places by measuring the 
atmospheric pressure at each place. Again, if the atmospheric pressure 
and the height h are known we can determine the constant a, which is of 
great importance in gas theory. 


5. Advance of a Chemical Reaction. 


We now consider an example from chemistry, namely, the so-called 
unimolecular reaction. We suppose that a substance is dissolved in a rela- 
tively large amount of solvent, say a quantity of cane sugar in water. If a 
chemical reaction takes place, the chemical law of mass action in this 
simple case states that the rate of reaction is proportional to the quantity 
of reacting substance present. If we suppose that the cane sugar is being 
transformed by catalytic action into invert sugar, and if by u(x) we denote 
the quantity of cane sugar which at time 2 is still unchanged, the velocity 
of reaction will be —du/dz, and in accordance with the law of mass action 
an equation of the form 


_—- = —ku 
dx 


holds, where k is a constant depending on the substance reacting. From 
this instantaneous law we immediately obtain, as on p. 178, an integral 
law, which gives us the amount of cane sugar as a function of the time: 


u(x) = ae*, 


This formula clearly shows us how the chemical reaction tends asymptoti- 
cally to its final state u = 0, that is, complete transformation of the re- 
acting substance. The constant @ is obviously the quantity present at 
time z= 0. 


6. Making and Breaking an Electric Circuit. 


As a final example we consider the growth of a (direct) electric current 
when a circuit is completed (or its decay when the circuit is broken). If 
R is the resistance of the circuit and H the impressed electromotive force 
(voltage), the current J will gradually increase from its original value 0 
to the steady final value H/R. We have therefore to consider J as a func- 
tion of the time. The growth of the current depends on the self-induction 
of the circuit; the circuit has a characteristic constant L, the coefficient 
of self-induction, of such a nature that as the current increases an electro- 
motive force of magnitude LdI/dz, opposed to the external electromotive 
force E, is developed. From Ohm’s law, according to which the product 
of the resistance and the current is at each instant equal to the actual 
effective voltage, we obtain the relation 

dI 


R= #E—L—. 
‘ dz 
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Here we put 
He) = Me) — Fs 


we immediately find that f’(z) = — : f(z), so that by the theorem 
on p. 178 f(x) = f(O)e~R/L, Recalling that J(0)= 0, we see that 
f(0) = — P and thus we obtain the expression 
= Gey 4-Ret 
I= fle) + = 5d — e-Palty 
for the current as a function of the time. 
From this expression we see that when the circuit is closed the current 
tends asymptotically to its steady value #/R. 
EXxamMpPies 
1. The fonction f(x) satisfies the equation 
f(% + y) = f(x) f(y). 
(a) If f(x) is differentiable, either f(z) = 0 or else f(x) = e*, 
(6)* If f(x) is continuous, either f(z) = 0 or else f(x) = e*, 
2. If @ differentiable function f(x) satisfies the equation 


f(xy) = f(x) + fly), 
then f(z) = « logz. 


3. A quantity of radium weighs 1 gm. at time t= 0. At time t= 10 
(years) it has diminished to -997 gm. After what time will it have diminished 
to -5 gm.? 


4, Solve the following differential equations: 
(a) y’ = ay — 8). (ce) y’ — ay = Ber, 


(8) y’ — ay = B. (d) y' — ay = Ber, 
8. Taz Hypersouic Functions 


1. Analytical Definition. 


In many applications the exponential function does not enter 
alone, but in combinations of the form 


(e+ &*) or s(e— 2), 


It is convenient to introduce these and similar combinations as 
special functions; we denote them as follows: 
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—e2 bd 2 
sinha = © e : coshz = © ai ‘ 
2 2 
eu ps ae 2 
tanha=°—* cotha= dia oh Sa 
e+ e* er — Ee 


and we call them the hyperbolic sine, hyperbolic cosine, hyper- 
bolic tangent, and hyperbolic cotan- 
gent respectively. The functions 
sinha, coshz, and tanhz are de- 
fined for all values of x, while in 
the case of cothz the point x= 0 
must be excluded. This notation 
is designed to express a certain 
analogy with the trigonometric 
functions; it is this analogy, which 
we are about to study in detail, 
that justifies special consideration 
of our new functions. In figs. 17, 
18, and 19 the graphs of the hy- 
perbolic functions are shown; the 
Fig. 17 dotted lines in fig. 17 are the 
graphs of y= $e* and y= $e™*, 
from which the graphs of sinhz and coshz may easily be 
constructed. 


Fig. 18 


We see that coshz is an even function, i.e. a function which 
remains unchanged when z is replaced by —z, while sinha is an 
odd function, i.e. a function that changes sign when 2 is replaced 
by —z. (CE. p. 20.) 


{IT] THE HYPERBOLIC FUNCTIONS 185 


The function 
cosha == 


e+e? 

2 
is, by its definition, positive for all values of z. It has its least 
value when «= 0; cosh0= 1. 

Between coshaz and sinha there exists the fundamental re- 
lation 


cosh? a — sinh?z = 1, 


which follows immediately 
from the definitions of these 
functions. If we now denote 
the independent variable by ¢ 
instead of # and write 


x= cosht, y= sinht, 


we have 


e— y=; 


that is, the point with the co- 
ordinates « = cosht, y = sinht 
moves along the rectangular 
hyperbola 22—y?=1 as ¢ 
runs through the whole scale Fig. t9 

of values from —© to +0, 

According to the defining equation, x = 1, and we may easily con- 
vince ourselves that y runs through the whole scale of values — 
to -+ © as ¢ does; for if ¢ tends to infinity so does e', while e~* tends 
to zero. We may therefore state more exactly that as ¢ runs from 
—o to +o, the equations z= cosht, y = sinht give us one 
branch, namely, the right-hand one, of the rectangular hyperbola. 


2. Addition Theorems and Formule for Differentiation. 
From the definitions of our functions there follow the formule, 
known as addition theorems: 
cosh (a + 6) = cosha coshé + sinha sinhd, 
sinh (a + 6) = sinha coshd + cosha sinhb. 
The proofs are obtained at once if we write 
Ged —~ esee 
cosh (a + 6) = “ee. sinh (@ + 6) = acne" 
7° (5798) 
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and in these equations put 

e* == cosha-+ sinha, e—* = cosha — sinha, 

e> == coshb-+ sinhb, e~* = coshb — sinhd. 
The analogy between these formule and the corresponding 
trigonometrical formule is clear. The only difference in the 
addition theorems is one sign in the first formula. 


A corresponding analogy holds for the differentiation for- 
mule. Remembering that d(e*)/dz = e*, we readily find that * 


a cosha = sinha, 2 sinh z = coshz, 
xe 


dz 
d 1 @ 1 

— =, cot = m 
Gon eae a 


3. The Inverse Hyperbolic Functions. 


To the hyperbolic functions z= cosht, y= sinht, there 
correspond inverse functions, which we denote ¢ by 


t= arcosha, ¢= arsinhy. 


Since the function sinht is monotonic increasing throughout the 
interval —o <¢t<-+oo, its inverse function is uniquely de- 
termined for all values of y; on the other hand, we learn from a 
glance at the graph (cf. fig. 17, p. 184) that ¢= ar coshz is not 
uniquely determined, but has an ambiguity of sign, for to a 
given value of x corresponds not only the number ¢ but also 
the number —¢. Since cosht => 1 for all values of ¢, its inverse 
ar cosh is defined only for x => 1. 

We can express these inverse functions very easily in terms 
of the logarithm, by regarding the quantity et = u in the de- 
finitions 

Pen Sa I eé—et 


ge eg 

as unknown and solving these (quadratic) equations for u. Then 
e=oty(2?—1), u=yt Vy +1); 

since «= e' can have only positive values the square root in 

*TIt is sometimes convenient to introduce the functions secha = 1/cosh 2, 


cosech z = 1/sinh 2. 
t The notation cosh—!z, &c., is also used; cf. footnote. p. 148. 
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the second equation must be taken with the positive sign, while 
in the first either sign is possible. In the logarithmic form, 


t= log(z ++/(z? — 1)) = ar coshz, 

t= log(y + Vy? + 1)) = arsinhy. 
In the case of ar coshz the variable x is restricted to the interval 
x = 1, while ar sinhy is defined for all values of y. 

The formula gives us two values, log{x-+ 4/(z?—1)} and 
log {z — f(2@— 1)}, for ar cosha, corresponding to the two 
branches of ar coshz. Since 

{a + V(2*— 1)} {2 -—f(e#—-1)}=1 
the sum of these two values of ar coshz is zero, which agrees 
with a remark made above. 

The inverses of the hyperbolic tangent and hyperbolic co- 
tangent can be defined analogously, and can also be expressed 
in terms of logarithms. These functions we denote by ar tanhz 
and ar cothz; and, expressing the independent variable every- 
where by 2, we readily obtain 


;+* in the interval —1 <z<1, 


Zt 5 in the intervals 2 <—1, 2> 1. 
ct— 


ar tanhz = ; log 


ar coths = ; log 


The differentiation of these inverse functions may be carried 
out by the reader himself; here he may make use of either the 
tule for differentiating an inverse function or the chain rule in 
conjunction with the above expressions for the inverse functions 
in terms of logarithms. If x is the independent variable, the 
results are 


@ ar cosha = . d 1 


de t gay gq, he = Va? + 1)’ 
d 1 d 1 
ay ot tanhs = iw gz ot onthe = = 


The last two formule do not contradict each other, since the 
first holds only for —1 < « < 1] and the second only for z < —1 
d 


in ar coshz, expressed by the 


and 1< a The two values of 
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sign + in the first formula, correspond to the two different 
branches of the curve y= ar cosh = log{xz +4/(z* — l)}. 


4. Further Analogies. 


In the above representation of the rectangular hyperbola by the quan- 
tity t we did not attempt to bring out any geometrical meaning of the 
“parameter” titself. We shall now return to this matter, thus gaining still 
more insight into the analogy between the trigonometric functions and the 
hyperbolic functions. If we represent the circle with equation 2? + y? = 1 
by means of a parameter ¢ in the form z= cost, y = sint, we can interpret 
the quantity ¢ as an angle or as a length of arc measured along the cir- 
cumference; we may, however, also regard ¢ as twice the area of the cir- 
cular sector corresponding to that angle, the area being reckoned positive 
or negative according as the angle is positive or negative. 


§ 


Fig. 20.—Parametric representation Fig. 21,—To illustrate the hyperbolic 
of the hyperbola functions 


We now make the analogous statement that for the hyperbolic func- 
tions the quantity ¢ is twice the area of the hyperbolic sector* shown 
shaded in fig. 20. The proof is obtained without difficulty if we refer the 
hyperbola to its asymptotes as axes by means of the transformation 
of co-ordinates 
or 


1 _ il _ £y. 
a= 75 (b+ a) y= 75 ln &)3 


with these new co-ordinates the equation of the hyperbola is &y = 4. 
We thus see immediately that the area in question is equal to the area 
of the figure ABQP; for the two right-angled triangles OPQ and OAB 


* Just as the notation ¢#= arc cosz recalls that ¢ is an are of a circle of 
reference, so ¢ = arcoshz recalls that ¢ is a certain area connected with a 
rectangular hyperbola. 
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have the same area, according to the equation of the hyperbola. The 
two points A and P obviously have the co-ordinates 


1 1 a—y sty 
=, = d sz eS, = 
[=e Tye, ee ae 
respectively, and for double the area of our figure we thus obtain 
(xty)/V2 


2 J (2x) dy = log(e + y) = log { # + V(2*— 1). 
2 


Comparison of this expression with the formula of p. 187 for the inverse 
function t= ar coshz shows us that our statement about the quantity ¢ 
is true. 

In conclusion, it may be pointed out that, as shown in fig. 21, the 
hyperbolic functions can be diagrammatically represented on the hyper- 
bola, just as the trigonometric functions can be represented on the circle.* 


EXAMPLES 
1, Prove the formula 


sinha ++ sinhd = 2 sinh ms a) cosh (#5 2); 


Obtain similar formule for sinha — sinhb, cosha + coshb, cosha — coshd. 


2. Express tanh(a + 6) in terms of tanha and tanhbd. 
Express coth(a -++ b) in terms of cotha and cothd. 
Express sinh $a and cosh $a in terms of cosha. 
3. Differentiate 
(a) coshz -+ sinha; (b) etenhx+coths; (¢) logsinh(2 + cosh*z); 


(d) arcoshz+ ar sinh; (e) arsinh(«coshz); (f) artanh ia 


4. Calculate the area bounded by the catenary y = coshz, the ordinates 
@=q@and z= 4, and the z-axis. 


9. Taz ORDER oF MaGniruDE or FUNCTIONS 


The various functions that we have met in this chapter 
exhibit very important differences as regards their behaviour 
for large values of the argument or, as we also say, in the order 


* The numerical values of the hyperbolic functions, which are useful in a 
variety of calculations, are to be found in many tables. We may mention the 
following: J. B. Dale, Five-figure Tables of Mathematical Functions (Arnold, 
1918); K. Hayashi, Ftinfetellige Tafeln der Kreis- und Hyperbeifunktionen 
(Berlin, 1930); E. Jahnke and F. Emde, Funktionentafeln mit Formeln und 
Kurven (German and English, Leipzig, 1933). 
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of magnitude of their increase. On account of the great importance 
of this we shall here discuss the matter briefly, even although it 
is not directly connected with the idea of the integral or of the 
derivative. 


1. The Concept of Order of Magnitude. The Simplest Cases. 


If the variable x increases beyond all bounds, then when 
a> 0 the functions 2z*, loga, e*, e* will also increase beyond 
all bounds. As regards the manner of this increase, however, 
we can immediately point out an essential difference between 
them. For example, the function 2° will become infinite to a 
higher order than 2*; we mean thereby that as x increases the 
quotient a*/zx* itself increases beyond all bounds. Similarly, we 
shall say that the function a becomes infinite to a higher order 
than 2° if a > B> 0, and so on. 

Quite generally, we shall sey of two functions f(x) and g(z) 
whose absolute values incres%e with x beyond all bounds that 
f(x) becomes infinite of a higher order than g(x), if as x increases 


the quotient ae increases beyond all bounds; we shall say 
that f(x) becomes infinite of a lower order than g(a) if the 


quotient 


i” tends to zero as @ increases; and we shall 


say that the two functions become infinite of the same order of 


magnitude if as x increases the quotient ae possesses a limit 
g(x 


different from 0 or at least remains between two fixed positive 
bounds. For example, the function az? + ba? + c= f(x), where 
a+: 0, will be of the same order of magnitude as the function 
f othe allen ba A. + aed has the 
limit | a]. On the other hand, ‘the function 2° -+ x-+ 1 becomes 
infinite of a higher order of magnitude than the function 
v+e+l. 
A sum of two functions f(x) and ¢(zx), where f(z) is of higher 
order of magnitude than ¢(z), has the same order of magnitude 
+ $(a) $(2) 
as f(x). For f+ d@)! _ 14 os 
f f(z) f(a) 


this expression tends to 1 as @ increases. 


a= g(x); for the quotient 


, and by hypothesis 
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We might be tempted to measure the order of magnitude of 
functions by a scale, assigning to the quantity x the order of 
magnitude 1 and to the power 2* (a > 0) the order of magnitude 
a. <A polynomial of the n-th degree then obviously has the 
order of magnitude n; a rational function, the degree of whose 
numerator is higher by & than that of the denominator, has 
the order of magnitude h. 


2. The Order of Magnitude of the Exponential Function and of 
the Logarithm. 

It turns out, however, that any attempt to fix the order of 
magnitude of arbitrary functions by the above scale must end in 
failure. For there are functions that become infinite of higher order 
than the power a* of z, no matter how large a is chosen; again, 
there are functions which become infinite of lower order than the 
power 2, no matter how small the positive number a is chosen. 
These functions therefore will not fit in anywhere in our scale. 

Without entering into a detailed theory of the order of magni- 
tude we shall prove the following theorem: 

If a is an arbitrary number greater than 1, then the quotient 


x 
~ tends to infinity as x increases. 
To prove this we construct the function 


$(z) = log ~ = a loga — logz; 


it is obviously sufficient to show that this increases beyond all 
bounds if % tends to +-o. For this purpose we consider the 
derivative 1 
¢'(x) = loga — a 

and notice that for s2>cec= ised this is not less than the 


positive number ; loga. Hence it follows that for z 2c 


$2) — $0) =f 6 Ode = [4 loga dt = $e — 0) loga, 
$(2) = $(c) + lw — 0) loga, 


and the right-hand side becomes infinite as x increases. 
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We shall give a second proof of this important theorem. 
If we write ,/a=b=1+h, we have b>1 and A>0. 
Let » be the integer such that nS a2@<n-+1; we may take 
x > 1, so that n= 1. Applying the lemma of p. 31, we have 


a® ee (1+A)"_ 1+nh nh _h . 
VE )=J; Van a a VE on ae 


so that 

a®_ iP 

a > 5) Nn, 
and therefore tends to infinity with 2. 

From the fact just proved many others follow. For 
example, for every positive index a and every number a> 1 
the quotient a*/a* tends to infinity as x increases; that is: 

The exponential function becomes infinite of a higher order of 
magnitude than any power of x. 

In order to see this, we need only show that the a-th root of 
the expression, that is, 


ate 1 ate 1 a ( = 3) 
ea agaiay al 

tends to infinity. This, however, follows immediately from the 
preceding theorem, when z is replaced by y = 2/a. 

We can prove the following theorem in a similar fashion. 
For every positive value of a the quotient (logz)/a* tends to 
zero when x tends to infinity; that is: 

The logarithm becomes infinite of a lower order of magnitude 
than any arbitrarily small positive power of x. 

The proof follows immediately if we put logz = y, by which 
our quotient is transformed into y/e”. We then put e = a; 
then @ is a number > 1, and our quotient y/a” approaches 
0 as y increases. Since y approaches infinity as x does our theorem 
is proved.* 


* Another very simple proof may be suggested: for” > 1 and e > 0 


loge -[F < [rertae = x (ae — 1); 


if we choose e smaller than a and divide both members of this inequality by 2°, 
then as z—> @ it follows that (logz)/z* —> 0. 
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With these results as a basis we can construct functions of 
an order of magnitude far higher than that of the exponential 
function and other functions of an order of magnitude far lower 
than that of the logarithm. For example, the function e* is of 
a higher order than the exponential function, and the function 
log loga of a lower order than the logarithm; and we can obvi- 
ously repeat these iteration processes as often as we like, piling 
up the symbols e or log to any extent we please. 


3. General Remarks. 


These considerations show that it is not possible by systematic 
reasoning to assign to all functions definite numbers as orders 
of magnitude in such a way that when two functions are com- 
pared the function of the higher order of magnitude has the 
higher number. If, for example, the function x is of the order 
of magnitude 1 and the function z'+* of the order of magnitude 
1 + ¢, then the function « loga must be of an order of magnitude 
that is greater than 1 and less than 1 + ¢ no matter how small 
e is chosen. But there is no such number. Apart from this, 
however, it is easy to see that functions need not possess a clearly 
defined order of magnitude. For example, the function 
x(sinx)?-+ 2+ 1 

x*(cosx)® + x 
the contrary, for «= mm (where n is an integer) the value is 


approaches no definite limits as x increase; on 


1 : 1 are 1 1 
a while for 2 = (n+3)x it is (n+ 3)e+ a ae 
Although the numerator and denominator both become infinite, 
the quotient neither remains between positive bounds, nor tends 
to zero, nor tends to infinity. The numerator, therefore, is neither 
of the same order as the denominator, nor of lower order, nor of 
higher order. This apparently startling situation merely means 
_ that our definitions are not designed in such a way that we 
can compare any pair of functions. This is not a defect; we 
have no desire to compare the orders of such functions as 
the numerator and denominator above, since knowledge of the 
value of one of them gives us no useful information about 
the other. 
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4. The Order of Magnitude of a Function in the Neighbourhood 
of an Arbitrary Point. 

Just as we can inquire into the behaviour of a function when 

x increases without limit, we may also ask ourselves whether 

and how functions that become infinite at the point c= ¢ may 

be distinguished as regards their behaviour at that point. We 


further state that the function f(z) = u Z] becomes infinite 
CTI 
of the first order at the point « = &, and correspondingly that the 


function [a= becomes infinite of the order a, provided that 
£ — a 
@ is positive. 
We then recognize that the function e*-4 becomes infinite 
of higher order, and the function log| #— ¢| infinite of lower 
order, than all these powers; i.e. that the limiting relations 


lim(|a— € |* . e*-#l) = & and lim(|s— é|*. log] c— £])=0 
x—>é x—>é 


hold. 
In order to see this we merely put 


[fz : 7d our state- 


ments then reduce to the known theorem on p. 192, since 
|o— é[p. tle — enjyp and |x — E|*. log] x — &] = —(logy)/y" 


and y increases beyond all bounds as z tends to ¢. The method 
of reducing the behaviour at a finite point to the behaviour at 


infinity by the substitution z 7 
wt 


5. The Order of Magnitude of a Function tending to Zero. 


Just as we seek to describe the approach of a function to 
infinity more definitely by means of the concept of order of 
magnitude, we may also specify the way in which a function 
approaches zero. We say that as > oo the quantity 1/2 
vanishes to the first order, the quantity z~*, where a is positive, 
to the order a. We find once again that the function 1/logx 
vanishes to a lower order than an arbitrary power x", that is, for 
every positive a the relation 


lim (2~* . logz) = 0 
=z—>0 


= y frequently proves useful. 


holds. 
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In the same way we say that for x= é the quantity « — & 
vanishes to the first order, the quantity |] «— &]* to the order a, 
With the above results it is easy to prove the relations 


lim(|z|*.log|@|)=0, lim(|2[-*.e*!) = 0 
x—>0 x—>o0 


which are usually expressed as follows: 
The function i | vanishes as x -> 0 to a lower order than 


og |x 
any power of x; the exponential function e~"*| vanishes to a higher 
order than any power of x. 


ExAMPieEs 


1, Compare the following functions with powers of x as regards their 
order of magnitude as 2 —> oo: . 


8 __ 2 cogs 
(a) e : (f) 2 sing + aT 
(6) (loga)”, ee 

(c) sina, 9) 7 ae 

(@) sinha. (h) a® — 1. 


(e) 2/2 sing. arc tanz. (J) log (a logz). 
2, Compare the functions of Ex. 1 with e**, e®, (logz)*. 
3. Compare the functions of Ex. 1 with powers of zasz—>0. _ 
4, Does the limit lim e*"e(—@) exist? 


2—>o 

5. What are the limits, as 2 —> oo, of e(—&) and ele" 9 

6. Let f(x) be a continuous function vanishing, together with its first 
derivative, for z= 0. Show that f(z) vanishes to a higher order than z 
as > 0. 

a" + G24 ...44 : 
7. Show that = — Fst ”, wh » bo + 0, 
Show that f(x) ba + bat tO when a, by + 0, is 

of the same order of magnitude as z*™, when z—> o, 

8.* Prove that e* is not a rational function. 

9.* Prove that e” cannot satisfy an algebraic equation with poly- 
nomials in x as coefficients. 
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Appendix to Chapter III 


J. Some Sprciat Funcrions 


From time to time we have made it clear by examples that the 
general concept of function contains many possibilities foreign 
to naive intuition. As a rule these examples were not given in 
terms of single analytical expressions. Here, therefore, we wish 
to show that it is possible to represent various typical discon- 
tinuities and abnormal phenomena by means of very simple 
expressions built up from the elementary functions. We begin, 
however, with an example in which no discontinuity is present. 


1, The Function y = e~"”’, 


This function (cf. fig. 22), which is defined in the first instance only for 
values of # other than zero, obviously has the limit zero as x-> 0. For by 


the transformation 1/z* = & our function becomes y = e~f and ‘lim e~ = 0. 
f>o 
Hence in order to extend our function so that it is continuous for « = 0 


Fig. 22 


we define the value of the function at the point z= 0 by the equation 
y(0) = 0. 


By the chain rule the derivative of our function for + 0 is y= 3 tel, 


If x tends to 0, this derivative will also have the limit 0, as we find imme- 
diately from p. 194 et seg. At the point z = 0 itself the derivative 


A—>o h sao A 
is also zero. 

If we form the higher derivatives for z + 0, we shall obviously always 
obtain the product of the function e~1/*’ and a polynomial in 1/z, and the 
passage to the limit 2 -> 0 will always yield the limit 0, All the higher 
derivatives will likewise vanish, like y’, at the point z= 0. 
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Thus we see that our function is continuous everywhere and differen- 
tiable as many times as we please, and yet at the point z = 0 it vanishes 
with all its derivatives. We shall later realize (Chap. VI, Appendix, p. 336) 
how remarkable this behaviour really is. 


2. The Function y = e~'/*, 


We may readily convince ourselves that for positive values of 2 this 
function behaves in the same way as the function just dealt with; if z 
tends to 0 through positive values the function tends to 0, and the same 
is true of all its derivatives. If we define the value of the function at 


Fig. 23 


z= 0 as y{(0) = 0, all the right-hand derivatives at the point z= 0 will 
have the value 0. It is quite another matter when z tends to 0 through 
negative values; for then the function and all its derivatives become 
infinite, und left-hand derivatives at the point z = 0 do not exist. At the 
point # = 0, therefore, the function has a remarkable sort of discontinuity, 
quite unlike the infinite discontinuities of rational functions considered 
on pp. 22, 53 (cf. fig. 23). . 


3. The Function y = tanh = 


We have already seen on pp. 33, 52 that functions with “ jump” dis- 
continuities can be obtained from simple functions by a passage to the 
limit. The exponential function defined on p. 171 and the principle of 
compounding of functions give us another method for constructing functions 
with such discontinuities from elementary functions, without any further 
limiting process. An example of this is the function 
1 ell _ e—1jz 


y= a elle + ele 


and its behaviour at the point z= 0. The function is in the first instance 
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not defined at this point. If we approach the point z= 0 through posi- 
tive values of x, we obviously obtain the limit 1; if, on the other hand, we 
approach the point 2 = 0 through negative values, we obtain the limit —1. 
The point z= 0 is therefore a 
point of discontinuity; as x 
increases through 0 the value 
of the function jumps by 2 (cf. 
fig. 24). On the other hand, the 
derivative 


Piast Se Ee 

: cosh?(1/2x) 2? 
meee a ito 
Fig. 24 at (eee ete 


approaches the limit 0 from both sides, as follows readily from* § 9, 
p. 194, 


4, The Function y = x tanh cm 
x 


In the case of the function 
1 elit — e—1/s 
y= atenh_ = * ea enils 7 ents 


the above discontinuity is removed by the factor x This function has 
the limit 0 as 2 + 0 from either side, so that we can again appropriately 


Fig. 25 


define ¥(0) as equal to 0. Our function is then continuous at 7 = 0, but 
its first derivative 
1 °=#21 1 
’ == tanh—- — — —____. 
i a 2 cosh?(1/x) 


* Another example of the occurrence of a “jump” discontinuity is given 


by the function y = are tan + as z—> 0. 
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has just the same kind of discontinuity as the preceding example. The 
graph of the function is a curve with a corner (cf. fig. 25); at the point 
x = 0 the function has no actual derivative, but a right-hand derivative 
with the value +-1 and a left-hand derivative with the value —1. 


5. The Function y = x sin, 3»(0) = 0. 


We have already seen that this function is not composed of a finite 
number of monotonic pieces—as we may say, it is not “ sectionally * 
monotonic ”’—but that it is nevertheless continuous (p. 54). Its first 
derivative 


yf =m cin’ — ! gop), (x + 0) 
Zz & 


on the contrary, has a discontinuity at s = 0; for as x tends to 0 this deri- 
vative oscillates continually between bounding curves, one positive and one 
negative, which themselves tend to +0 and — © respectively. At the 
actual point «= 0 the difference quotient is uO) — x00) = sin since 
as 4-0 this swings backwards and forwards between 1 and —1 an 
infinite number of times, the function possesses neither a right-hand 
derivative nor a left-hand derivative. 


2. REMARKS ON THE DIFFERENTIABILITY OF 
Functions 


The derivative of a function which is continuous and has a 
derivative at every point need not be continuous. 


As the simplest example of this we consider the function 


rite | 
y= f(x)= = Amn 


This function is in the first instance not defined at z == 0; we shall define 
{(0), its value there, as 0, so that the function is now defined and con- 
tinuous everywhere. For all values of 2 different from zero the derivative 
is given by the expression 

1 


f{(@)=—-2 cou! 7 = + 22 sin- = —cos + 2x sin}, 
a 2 x au x 

When 2 tends to 0, f’(z) has no limit. If, on the other hand, we form the 

difference quotient f= 10) = (1 sin ‘) /he=h sin : we see at once that 

this tends to 0 as A does. The derivative therefore exists for x = 0, and 


* Ger. stiickweise; of. p. 438, footnote. 
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has the value 0. In order to grasp intuitively the reason for this para- 
doxical behaviour we represent the function graphically (cf. fig. 26). It 
swings backwards and forwards between the curves y = a? and y = —2", 
which it touches alternately. Thus the ratio of the heights of the wave- 
crests of our curve and their distances from the origin steadily becomes 
smaller. Yet these waves do not become flatter; for their slope is given 


by the derivative f’(x) = 2x ein! - woes at the points = oe where 
x x 


nr 
cos! = 1 this is equal to —1, and at the points «= ee a where 
x (2n + 1)x 
cos! = —1 it is equal to +1. 


Fig. 26 


In contrast to the possibility illustrated here, that a deri- 
vative may exist everywhere and yet not be continuous, we 
state the following simple theorem, which throws light on a 
whole series of earlier examples and discussions: if we know 
that in a neighbourhood of a point x =a the function f(z) is 
continuous and has a derivative f’(x) everywhere, except that 
we do not know whether f’(a) exists, and if in addition the equa- 
mon ie if (z) = 6 holds, then the derivative f’(z) exists at the 


point a a ‘alko, and f’(a) = b. The proof follows immediately from 
the mean value theorem. For we have fa+n—fa = Ja) Fé), 
where € is a value intermediate between a anda-+h. If h now 
tends to 0, by hypothesis f’(€) tends to b, and our statement 
follows at once. 

A companion theorem to this is the following, which may 
be proved in a similar way: if the function f(x) is continuous 
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in a<sv<b and for a<2z<b possesses a derivative which 
increases beyond all bounds as x tends to a, then the right-hand 


difference quotient fer h— Fe) also increases beyond all 


bounds as f tends to 0, so that no finite right-hand derivative 
exists at « =a. The geometrical meaning of this state of affairs 
is that at the point with the (finite) co-ordinates (a, f(a)) the 
curve has a vertical tangent. 


3. Some SpeciaL ForMULz 


1. Proof of the Binomial Theorem. 

Our rules for differentiation enable us to give a simple proof 
of the binomial theorem; this proof will be introduced here as 
an example of the method of undetermined coefficients which we 
shall find important later. We wish to expand the quantity 
(1 -+ x)" in powers of z for all positive integral values of n. We 
see at once that the function (1 -+ x)" must be a polynomial of 
degree n, i.e. it must be of the form 


(1+ a)" =a) + a2 + a.27+...+ 4,2", 
and the problem now is to determine the coefficients a,. If we 
put 2 =0, we at once obtain a) =1. If we differentiate both 
sides of the equation once, twice, three times, &c., we obtain 
the equations 
n(l + 2)" =a, + 2ae+...+ na,2"}, 
n(n — 1) (1 + 2)"-® = 2a, + 3. 2age +... + n(n — la,n", 


Since these equations hold for all values of z, we can put  =0 
in each of them and thus obtain for the coefficients a), dg, ... the 
expressions 
= __ n(n — 1) __ n(n — 1) (n— 2) 
cr i a ae cn na 


(n—1)(n—2)...(n—KkK+1) _ (0 
a, = Wee Ao kt) -(3). 


We thus finally obtain the binomial theorem in the form 
(1+ 2)" =14 ne+ (5) 2+ mean (i)#+ vee bat 


202 DIFFERENTIATION AND INTEGRATION ([Cuap. 


2. Successive Differentiation. Leibnitz’s Rule. 
In connexion with the above we leave the reader to prove 


as an exercise that the successive differentiation of a product may 
be performed according to the following rule (Letbniiz’s rule): 


std “FS 0+ (7) eset (3)aweaet 
+ (2 jz Or + FI 


The repeated differentiation of a compound function y = f{4(z)}, 
however, follows no such easily remembered law. From the rules 
for differentiation in last chapter (the product rule and the chain 
rule) we have 


da® 


af ip» 
aaa 772 
Oy pga sss", 


da? 
a = f'"¢"% + af" dh" +if'$'", 


3. Further Examples of the Use of the Chain Rule. The Dif- 
ferentiation of f(x)*. The Generalized Mean Value 
Theorem. 

To form the derivative of the function x* we write x* = e712, 
whence we obtain 


a x? = 2" (logz + 1) 
dz 


by the chain rule. Similarly, we can carry out the differentiation 
of the more general expression /{(x)/(@ = ef) losf@) by means 
of the chain rule, in the following way: 


4 (feet) = flay" . f@){loe fla) + 1p. 


As a further application of the chain rule we here give a proof 
of the theorem which we have already called the gencralized 
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mean value theorem of the differential calculus (p. 135), the 
theorem being established here under less stringent conditions. 
Let G(x) = u be a function which in the closed intervala Sa Sb 
is continuous and monotonic, and which in the open interval 
a<2<b has a derivative which is nowhere equal to 0, and let 
F(a) be a function which is also continuous for aS 2S 6 and 
differentiable for a<2< 6b. By means of the inverse function 
z= @(u) of G(x) we introduce the new independent variable 
u instead of x in F(z), thus obtaining the compound function 
f(u) = F(®(u)); according to the chain rule, 

F(a) 

(ay 

The ordinary mean value theorem, applied to the function f(u) 


and to the interval between u,—G(a) and u,=G(b), shows 
us that for an intermediate value w 


S42) —F (4) @ pry, F(b) — F(a) _ Fé) 
mou, 2!) % GEG) ~ ae 


where £ = (w) is a value intermediate between a and 6. 


f'@) = F(z) Oy) = 


EXAMPLES 


1. Find the second derivative of f[g{h(x)}}. 

2. Differentiate the following functions: 

(a) 2%, (b) (cosx) **, 

(c) logy) u(z), (that is, the logarithm of u(x) to the base u(x); u(x) > 0). 
8. Prove Leibnitz’s rule. 

4, Find the n-th derivative of: 


(a) aes, (d) cosmz sin ka. 
(6) (log). (e) e* cos2z. 
(c) sinz sin 2z. (f) (1 + )%e*. 


&.* Find the n-th derivative of arc sinz at x= 0, and then that of 
(are sinz)? at 7 = 0. 


6. Prove that > k(k — 1) G) = n(n — 1)2"-3, 
e=@ 


CHAPTER IV 


Further Development of the Integral 
Calculus 


The rules for differentiation which we formulated in the pre- 
ceding chapter have given us extensive powers over the problem 
of differentiating given functions. Almost always, however, the 
inverse problem of integration greatly exceeds it in importance. 
Hence we must now study the art of integrating given functions. 

The results attained by means of our differentiation formule 
may be summed up as follows: 

Every function which is formed from the elementary functions 
by means of a “‘ closed expression” * can be differentiated, and its 
deriwative is also a closed expression formed from the elementary 
functions. 

On the other hand, we have not met with any exactly corre- 
sponding fact applying to the integration of elementary functions. 
We do know that every elementary function, and, in fact, every 
continuous function, can be integrated, and we have integrated 
a large number of elementary functions either directly or by 
inversion of differentiation formule and have found their in- 
tegrals to be expressions involving elementary functions only. 
But we are still far from being able to find a general solution of 
the following problem: given a function f(x) which is expressed 
in terms of the elementary functions by any closed expression, 


to find an expression for its indefinite integral, F(z) = f f(x) da, 


which is itself a closed expression in terms of the elementary 
functions. 


* By this we mean a function which can be built up from the elementary 
functions by repeated application of the rational operations and the processes 
of compounding and inversion. 

In this connexion it should, however, be emphasized that the distinction 
between “ elementary ” functions and others is in itself quite arbitrary. 
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The fact is that this problem is in general insoluble; it is by 
no means true that every elementary function has an integral 
which itself is an elementary function. In spite of this, it is 
extremely important that we should be able actually to carry 
out such integrations when they are possible, and that we should 
acquire a certain amount of technical skill in the integration of 
given functions. 

The first part of this chapter will be devoted to the develop- 
ment of devices useful for this purpose. In this connexion we 
would expressly warn the beginner against merely memorizing 
the many formule obtained by using these technical devices. 
The student should instead direct his efforts towards gaining a 
clear understanding of the methods of integration and learning 
how to apply them. Moreover, he should remember that even 
when integration by these devices is impossible the integral 
does exist (at least for all continuous functions), and can actually 
be calculated to as high a degree of accuracy as is desired by 
means of numerical methods which will be developed later 
(Chap. VII, p. 342). 

In the latter part of the chapter we shall endeavour to deepen 
and extend our conceptions of integration and integral, quite 
apart from the problem of the technique of integration. 


1. ELEMENTARY INTEGRALS 


First of all we repeat. that to each of the differentiation 
formule proved earlier there corresponds an equivalent integra- 
tion formula. Since these elementary integrals are used time and 
again as materials for the art of integration, we collect them in 
a table (p. 206). The right-hand column contains a number of 
elementary functions, the left-hand column the corresponding 
derivatives. If we read the table from left to right we obtain 
in the right-hand column an indefinite integral of the function 
in the left-hand column. 

We would also remind the reader of the fundamental theorems 
of the differential and integral calculus, proved in Chap. II, 
§ 4 (p. 117), in particular, of the fact that the definite integral 
is obtained from the indefinite integral F(x) by the formula 


if f(a) da = F(z) f= F(b) — F(a). 
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F’(z) = f(z) 


. #2 (a+ —1). 


. a& (a+ 1). 
. sina. 
. COS 2 


“a5 (= cosec* x). 
sin? x 


(= sec?z). 
cos? xz 
. sinha. 
. cosh a, 


1 
aa (CS h? x), 
inhiz (= cosech? x) 


. an sech?z), 
qa (l#l< 0. 
1 
‘ae 
1 


1 Jz| <1. 
l— x 
oe Je|>1 


1 
: ayers | >). 


[Cuap, 


F(a) = J fede 


tana. 


cosh 2. 
sinh z, 


—cothz, 


tanhz. 


{ arc sinz. 
— arc cosa. 


{ are tana. 
—are cotz. 


ar sinha = log{x + V(1 + 2*)}. 


ar coshz = log{x + V (2? — 1)}. 


1 l+-«a 

tanha = — | 
ar tenhe = — lop 
ar cothz = diag ®t J 
2 —1 
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Finally, for the technique of integration the reader should 
have the elementary rules of integration collected in Chap. II, 
§ 1 (pp. 81-82) at his finger-tips. 

In the following sections we shall attempt to reduce the 
calculation of integrals of given functions in some way or other 
to the elementary integrals collected in this table. Apart from 
devices which the beginner certainly could not acquire syste- 
matically, but which, on the contrary, occur only to those with 
long experience, this reduction is based essentially on two useful 
methods. Each of these methods enables us to transform a given 
integral in many ways; the object of such transformations is to 
reduce the given integral, in one step or in a sequence of steps, 
to one or more of the elementary integration formule given 
above. 


2. Taz Metuop or Sussrrrution 


The first of these useful methods for attacking integration 
problems is the introduction of a new variable (i.e. the method 
of substitution or transformation). The corresponding integral 
formula is just the chain rule of the differential calculus expressed 
in the integral form. 

1. The Substitution Formula. 


We suppose that a new variable u is introduced into a func- 
tion F(x) by means of the equation = ¢(u), so that F(z) 
becomes a function of x: 


F(z) = F($(u)) = Glu). 
By the chain rule of the differential calculus 
dG dF 


da a ¢' (u). 


If we now write 
F(x) = f(z) and @’(u) = g(u), 
or the equivalent expressions 


F(z) = if J(z)dz and G(u)= ve g(u) du, 
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then on the one hand the chain rule takes the form 
ou) = f(z) $'(u) 
and on the other hand G(u) = F(x) by definition, that is, 
f gujdu= f f(e)de, 
and we obtain the integral formula equivalent to the chain rule, 


[fGe) $u)du= f fede, {o= gw}. 


This is the basic formula for the substitution of a new variable in an 
integral. It means that if we wish to find an indefinite integral of 
a function of «, which is given in the special form f(¢(u)) ¢’(u), 
then we can instead find the indefinite integral of the function 
f(x) as a function of x and after integration return to the variable 


u by putting x= ¢(u). $/(u) 
If, for example, we apply the formula to the integrand —— 
we obtain (4) 


$Y) 9, — 7 _ 
[Fe = [Fas | |= bos | 609 | 


or, replacing u by 2, 


$(2) a — 
J Fe) = be 191. 


If in this important formula we substitute particular functions, such as 
(x) = log a or p(x) = sinx or 9(x) = cos, then we obtain * 


S soem log | log x |, 
ff cotade = log | sinz |, f tanzdz = —log | cos z |. 
A further example is 
femewdua fede= 52 = stow? 
where f(x) = 2. This yields for p(w) = logu 


logu, 1 ‘ 
f 7: du = 5 (log u)?. 


* These and the following formule are verified by showing that differentia- 
tion of the result gives us back the integrand. The formule, moreover, are 
of course only asserted as true in so far as the expressions occurring in them 
have a meaning. 


| 
| 
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We finally consider the example 


i. sin” u cos udu. 


Here a = sinu = 9(u), and hence 
anh sin™+! a 


in” = dz: = —— = ———_.. 
f sn u cos udu if waz wri al 


In many cases, however, we shall use the above formula in 
the reverse direction, starting with the right-hand side, the 


integral it f(x)dz. We now have to evaluate or simplify a pre- 
scribed indefinite integral F(x) = f f(z)dx by introducing the 


new variable of integration w by means of the transformation 
formula z= ¢(u), then working out the indefinite integral 


Gu) = f FP) $ (wdu, 


and finally replacing the variable u in this integral by x. In 
order to carry out this last step we must be certain that a definite 
value u does actually correspond to the value 2, ie. that the 
function «= ¢(u) has an inverse. Accordingly we now make 
the following assumption, in which we regard @ as the primary 


- variable. In the interval under consideration u = (x) is a mono- 


tonic differentiable function whose derivative (x) does not 
vanish anywhere in the interval. The inverse function—which 
under these conditions is definite and single-valued—we denote — 
by «= ¢(u); its derivative is then given by ¢’(u) = 1 [/b'(a). As 
the basic formula for the substitution of a new variable u in an 
integral, we obtain : 


[f@dz= [Fu wdu (= $2). 


The indefinite integral { £(x)dx can be obtained by calculating 
the indefinite integral ti £(b(u)) ¢’ (u)du and finally introducing x 
instead of u for the independent variable by means of the equation 
u= (x). 

It is therefore not sufficient merely to express the old variable 
z in terms of the new one u, and then to integrate with respect 
to this new variable; before integrating we must multiply by 

8 


(798) 


210 THE INTEGRAL CALCULUS [Cuap. 


the derivative of the original variable x with respect to the new 
variable w. 


The corresponding formula for definite integration between 
two limits is 


[pede =f" g au 
a vy ¥ (a) : 


In the new integral we have to choose those limits of integration 
which are obtained by subjecting the old integration limits to the 
transformation x = $(u), u== s(x). 

In most applications the integrand f(z) will appear at the 
outset as a function of a function, say f(x) = h(u), where u = y(z). 
It is then more convenient to write our integral formula in a 
slightly different form by identifying the expression f{d(u)} with 
the expression h(u). If for w we make the substitution u = (2), 
«= ¢(u), then our transformation formula is simply 


[Hoe de = fiw) - du. 


As a first example we consider the integration of the function 
f(z) =sin 2x, taking w= (x) = 22 and h(u)=sinu. We have 


If we now introduce u = 22 into the integral as the new variable, then 


it is transformed, not into f sin u du, but into 


1 , 1 1 
9 | sinudu = — 5 cosu= — 5 008 a5 


this may of course be verified at once by differentiating the right-hand 
side. 

If we integrate for x between the limits 0 and 7/4, the corresponding 
limits for u are 0 and 7/2, and we obtain 


14 1 72 1 
Jf sintede = 5 [sin udu = — 5 conn 
0 2 Jo 2 


Another simple example is the integral ie s. Here we take 
1 


a{2 1 
0 2 


u= (rt) = Vax, whence z= (u) = u*, Since 9’ (u) = 2u, we have 


4 2 2 
ae oe “a2 f du = 2. 
1 1 


u 
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2. Another Proof of the Substitution Formula. 


Our integration formula can also be explained in another 
and more direct manner, by aiming at the formula for definite 
integration and basing the proof on the meaning of the definite 
integral as a limit of a sum. To calculate the integral 


[robes 


(for the case a <b), we begin with an arbitrary subdivision of 
the interval ax<a< 6b, and then make the subdivision finer 
and finer. We choose these subdivisions in the following way. 
If the function u = (x) is assumed to be monotonic increasing, 
there is a (1, 1) correspondence between the intervala SaSb 
on the z-axis, and an interval auf of the values of 
u= %(z), where a= ud(a), B= (db). We divide up this w- 
interval into n parts of length * Au; there is a corresponding 
subdivision of the z-interval into sub-intervals which in general 
are not all of the same length. We denote the points of division 
of the «-interval by % = @, 2, %,..., %,—=6 and the lengths 
of the corresponding sub-intervals by 


Ax,, Aty,..., Ady. 
The integral we are considering is then the limit t of the sum 


EMME) At 


where the value , is arbitrarily selected from the v-th sub- 
interval of the z-subdivision. This sum we now write in the 
form & h(u,) re Au, where u,= 7(é,). By the mean value 

vem U 


A 
theorem of the differential calculus x = ¢'(n,), where 7, is a 


suitably chosen intermediate value of the variable wu in the v-th 
sub-interval of the u-subdivision and x= ¢(u) denotes the 


* The assumption that these sub-intervals are all equal is by no means 
essential for the proof. 

+ This limit exists (for Au— 0) and is the integral, since on account of the 
uniform continuity of z — ¢(z) the greatest of the lengths Az tends to 0 
with Au. 
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inverse function of u= (x). If we now select the value € in 
such a way that €, and », coincide, ic. & = ¢(n,), n, = ¥(§,), 
then our sum takes the form 


EAC) $ (,) Ou 


If we here make the passage to the limit we immediately obtain 
the expression 
f * (u) aa du, 
a du’ 
as the limiting value, that is, as the value of the integral 
we are considering, in agreement with the formula given 
above. 
We have therefore proved the following theorem: 
Let h(u) be a continuous function of u in the interval aus B. 
Then if the function u = x(x) is continuous and monotonic and has 


a continuous non-vanishing derivative = in a<xXb, and 
(a) = a, o(b) = B, 


[roo }dax = [mwas = fn o du 


This formula exhibits the advantage of Leibnitz’s notation. In 

order to carry out the substitution u = s(x), we need only write 

7 du in place of dz, changing the limits from the original values 
ub 


of x to the corresponding values of u. 


3. Examples. Integration Formule. 
With the help of the substitution rule we can in many cases 
evaluate a given integral if J (z)dx if we reduce it by means of a 


suitable substitution z= ¢(u) to one of the elementary in- 
tegrals in our table. Whether such substitutions exist and 
how to find them are questions to which no general answer 
can be given; this is rather a matter in which practice and 
ingenuity, in contrast to systematic method, come into their 
own. 

da 


As an example, we shall work out the integral V@ua) 


IV] THE METHOD OF SUBSTITUTION 213 


by means of the substitution * = ¢(u) = au, u= (x) = w/a, 
dx = adu, by which, using No. 13 of the table on p. 206, we 
obtain 


i dz adu 
Vie—2) J aV/(l—v) 


= are sinu= are sin =, for |x] <|a|. 


By the same substitution we likewise obtain 


i @ 2s SOU a dar anne. 
a? + a @(l+u*) a a a 
da ee 
Jara 
f dz 
a/ (a? — a?) 


= ar cosh =, for|2|>|a], 
a 


1 or tanh” for | 2| <|a| 
a 


= : 3 


> 
1 sr coth® for || >| a| 
a a 


formule which occur very frequently and which can easily be 
verified by differentiating the right-hand side. 

In conclusion, we again emphasize the following point. In 
our substitution process we have made the assumption that the 
substitution has a unique inverse = ¢(u), and indeed that 
b'(x) is nowhere equal to zero in the interval under consideration. 
If our assumption is not fulfilled, application of the substitution 
formula may easily lead to wrong conclusions. If (x) = 0 at 
. isolated points of the interval of integration only, we can avoid 
these difficulties by subdividing this interval in such a way that 
ys'(z) vanishes only at the ends of a sub-interval; we can then 
apply the substitution to each sub-interval separately.t 


* For the sake of brevity we take the liberty of writing the symbols dz 
and du separately, i.e. dz = ¢’(u)du instead of dx/du = ¢’(u) (cf. pp. 106-107). 

+ An application of this method at once leads to the following result, which 
applies to many special cases: if the derivative ¥’(x) vanishes at a finite number 
of points, but the function (xz) remains monotonic, then the substitution for- 
mula remains valid. 
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3. FurRTHER EXxaMPLes oF THE SUBSTITUTION MeTHOD 
In this section we bring together a number of examples 
which the reader may consider carefully by way of practice. 


By the substitution w= 1 + 2°, du = +2x dz, we deduce that 
a dz 


Vata) +V(1 + 2%), 
adx 
ipan + $log|1 + 2%}. 


In these formule we must take either the sign + in all three places 
or the sign — in all three places. 
By the substitution u = axz-+ b, du=adz (a+ 0), we obtain 


dx 1 
S yr eelert oh 


1 


; (az + b)de = aeLD 


(az + de (a+ —1), 


ff sin ax + b)dz = -: cos (az + b); 


similarly, by means of the substitution u = cosz, du = —sinx dz, we 
obtain 


y tana dz = —log|cosz|, 
and by means of the substitution u = sina, du = cosz dz, 


f cote de = log | sin | 


(cf. p. 208). Using the analogous substitutions u = cosh, du = sinhz dz 
and u = sinha, du = cosh dz, we obtain the formula 


if tanhz dz = log | coshz|, 
f cotha dz = log | sinhz |. 


In virtue of the substitution u = 5 tana, du = ; sec’ daz, we arrive at 


the two formula 
if dx _ 1 1 dx 
3 gin? 2 a>) Oa 2 * Gos? 
a? gin*x + 6? cos*z Bf a2 4 Oe 


= = aro tan ¢ tanz) 


IV] THE METHOD OF SUBSTITUTION 215 


and 
f bs _— = ar tanh ¢ tanz) 
Paints — Bb? costa 
a’ gin?z — b* cos*x — 3 arcoth (2 tanz). 
We evaluate the integral 
Rind 
sinz 


by writing sinz = 2 sins cose =2 tans cost, and putting u = tan, so 


2 
that du = } sec? 5 dx; the integral then becomes 


If we replace x by a+ Ae this formula becomes 


wo (5+ 3)h 


The substitution «= 2z yields, if we also apply the known trigono- 
metrical formule 2 cos*z=1-+ cos2x and 2sin?x = 1— cos2a, the 
frequently used formulz 


ff cotede = § (2 + sina cos) 


—— = log 
Gos 2 


and f siate de = } (2 — sinz cos2). 


By the substitution x= cosu, equivalent to u = arc cosz, 
or, more generally, z= a cosu (a + 0), we can reduce 


fva —«*)dx and fv@ — a*)dz 
respectively to these formule. We thus obtain 


fv@- e)dz= — © are cos” + 2 (at — x), 
a 2 
Similarly, by the substitution 2 = a coshu we obtain the formula 
2 
{[v@- a®)dx = — 3 ar cosh = + 5 / (a? — a?) 
and by the substitution z = a sinhu 
2 
[V@+ 2)de = 5 ar sinh = + 5 V (at + x), 
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The substitution u = 7, de = — 5 du leads to the formule 
zx 


fae = —? are sin? 
ar/ (a? — a?) a z 


as) ah 
g 


———- 

xr/ (a? + a?) a 

[_ =— Lineal’ 
ar/ (a? — 2?) a z 


Finally, we consider the three integrals 


f sinme sin ne dx, i sin mx cosnx da, j cosmaz cosnz dz, 


where m and n are positive integers. By well-known trigo- 
nometrical formule we can divide each of these integrals into 
two parts, writing 


sinme sinnz = 5 {cos(m — n)x — cos(m + n)2x}, 
sinmaz cosna = 5 {sin (m + n)a + sin(m — n)z}, 
cosmaz cosna = 5 feos(m + n)x + cos(m — n)z}. 


If we now make use of the substitutions u = (m-+n)x and 

u=(m—n)x respectively, we directly obtain the following 

system of formule: 

{ sin(m—n)e sin(m+n)x 
m—n m+n 


( sin om" : 
xr ifm =n; 
2m 


od { cete-tale cos(m—n) x 
2 m+n m—n 
_l (“sme 


hit m= n, 


fsinma sinnzdz= 


dole pole 


if m= n, 
j sinmaz cosnzdz—= 
ifm=n; 


2 2m 
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(spin nie, int — meh it ce 
m+n m—n 


Cu + :) ifim=n. 


If in particular we now integrate from —z to +7, we obtain 
from these formule the extremely important relations 


f cosma cosnxdx—= 


bole bo) 


+7 1 
f sin ma sinnzds = ee 
= a ifm=n, 


+7 
sinme cosnzdz = 0, 


—T 


+ : 
f cos mz cosnxda = fe if mop ®, 
= aw ifm=n. 


These are the “ orthogonality relations” of the trigonometric 
functions, which we shall meet with again in Chap. IX (p. 438). 


EXamries 


Evaluate the following integrals and verify the results by differen- 
tiation: 


1. ff vet ax. 9. { a” 

a, f se*dz, 10. WEP ELS 
3. f av1+ Bde. n. f eat Ee 
4. [BE ax. 12. Jaceat 

. laa 7 Sve 4x + 1) 

. [ian ery es * Jere ey 
* | varere 8 foestT 

8 ot dee, 16. i. aay 


ge (2798) 
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dz 23. are tan z o 
a+ laz+b a ioe 
18. fo« 24, ae 


19. ff sint x cost xde, 25. ie 7 


20. | sin? x cos® xdz. ay iret 
f sin x cos’ x 26 faim 
b 
21, f a(VI= a) ae, a7. f <<, 
a {2 . 
22. S705 28. f x sin 22° dx, 


29. Evaluate fa — x)"dx (where is a positive integer) by sub- 
stitution. 


4. INTEGRATION BY Parts 


The second useful method for dealing with integration 
problems is given by the formula for differentiating a product: 


(f9" =f'9 + fy’. 
1. General Remarks. 


If we write this formula as an integral formula, we obtain 
(cf. p. 141) 


Sa) g(a) = fg (a)f (a) de + f f(a)g’ (z)de 


or [fg de = fle)g(a) — fg(a\f'(e)de. 


This formula will be referred to as the formula for integration 
by parts. The calculation of one integral is thereby reduced to 
the calculation of another integral. For if we split up the inte- 


grand of an integral f w(x) dx into a product w(x) = f(z) (zx), and 
if we can find the indefinite integral 

g(a) = [$(z)de 
of the one factor 4(z), so that ¢ (x) = g’(z), then by our formula 
the integral ui w(x)dx = =f J (2) ¢ (a) da = =f J (x)g' (x) dx is reduced 
to f 9 (z)f’ (~)dz, which in some cases can be found more readily 
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than the original form. Since a given function w(x) which occurs 
as an integrand can be regarded as a product f(x) ¢(x) = f(z)g' (2) 
in a great many different ways, this formula provides us with 
a very effective tool for the transformation of integrals. 

Written as a formula for definite integration, the formula for 
integration by parts is 


[fog waa =sargte))— f’geaf’ wde 
= F0)9(0) —fla)g(a) — f° g(ahf" (ode. 


For in order to obtain the formula for definite integration from 
the formula for indefinite seers (Chap. II, § 4, p. 117) 
we have only to replace the 
variable appearing on both 
sides in the formula for the 
indefinite integral (1) by the 
value z= 6, (2) by the value 
w%==a, and write down the 
difference of these two ex- 
pressions. 

A simple interpretation of 
this formula, at least with 
suitable restrictions on the 
furctions involved, can be 
given. Let us suppose that 
y=f(z) and z=g(x) are monotonic, and that f(a) = 
J (6) = B, g(a) =a, g(b) = B; we can then form the inverse 
of the first function and substitute in the equation, thus ob- 
taining z as a function of y. We assume that this function is 
monotonic increasing. Since dy = f’(x)dx and dz = g’(x)dzx the 
formula for integration by parts can be written 


p 
foedy + [yde= Bp Aa, 
4 a 


in agreement with the relation made clear by fig. 1, 
area NOLK + area PMLQ = area OMLK — area OPQN. 


The following example may serve as a first illustration: 


freede= f loge. 1. de. 
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We write the integrand in this way in order to indicate that we intend to 


put f(x) = loga and g/(z) = 1, so that we have f’(x) = 1/xz and g(x) = a. 
Our formula then becomes 


ff loge d= 2 loge — fF dz = 2 loge — x 


This last expression is therefore the integral of the logarithm, as may be 
verified at once by differentiation. 


2, Examples, 
The following further examples may help the reader to grasp this 
method. 
If we put f(x) = 2, g’(x) = e*, we have f(z) = 1, g(x) = e*, and 
if sedz = e(% — 1). 
In a similar way we obtain 


fe sins dz = —x cosx + sing 


and if ecosede = #sinx + cose, 


For f(x) = logz, g’(x) = 2%, we have the relation 


fi Gah l 
log x = Za (+8*- 54): 


Here we must assume a += —1. Fora = —1 we obtain (cf. p. 208) 
2 loga dz = (log x)? -f log. ae 
x x 
transferring the integral on the right-hand side over to the left, we have 
f z loga dx = 1 log). 
az 2 


We calculate the integral a are sinzdx by taking f(x) = aro sinz, 
g(a) = 1. From this we obtain 


x dz 


ore sinz dz = » aro sinz — va-ay 


The integration on the right-hand side can be performed as in § 3 (p. 214); 
we thus find that 


fore sing dz = x arcsinz + V(1—22), 
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In the same way we calculate the integral 
ff sro tanz dz = @ arc tanz — 518 (1 + 2%) 


and many others of a similar type. 

The following examples are of a somewhat different nature; here a double 
application of the method of integration by parts brings us back to the 
original integral, for which we thus obtain an equation. 

Integrating by parts twice, we obtain 


f em sinba de = — jet cosbee + © fe cosbade 


eines e% cos ba + @ oor sinba — a fe sin ba dz, 
a5 a a , 


and, solving this equation for the integral | e sin bz da, 


f e” sinba dz = a e“" (a sinbz — b cosbz). 


In a similar way it follows that 


e% (a cosbz + 6 sinbz). 


1 
Jf cost de = Fie 


3. Recurrence Formule. 


In many cases the integrand is a function not only of the 
independent variable, but also of an integral index n, and on 
integrating by parts we obtain, instead of the value of the in- 
tegral, another similar expression in which the index n has a 
smaller value. We thus arrive after a number of steps at an 
integral which we can deal with by means of our table of integrals. 
Such a process is called a recurrence process. The following 
examples illustrate this: by repeated integration by parts we 
can calculate the trigonometrical integrals 


f cos"xdz, rE sin" xdz, f sin” x cos"xda, 
provided that m and are integers. For we find that 
feostade = cos" 1g sing + (n— 1) f cos" *a sin? 7 daz; 
we can write the right-hand side in the form 


cos"! sine -++ (n — 1) [cos ade —(n— 1) fcostade, 
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thus obtaining the recurrence relation 


1 : n—I1 
feosrads = — cos™“!z sing + n= feos tadz, 
n n 


This formula enables us to keep on diminishing the index in 
the integrand until we finally arrive at the integral 
fcosede = sinz or fa=s, 


according as n is odd or even. In a similar way we obtain the 
analogous recurrence formule 


fsinrede ae sin" cosa + ? [sin adm 
n n 


and 


nmt+L nL, —s; 
f sins costs: de — SA TTe cost | w= 1 


m+n m+n 


sin” ¢ cos"-22 da. 


In particular, these formule enable us to calculate the integrals 


f sin? dx = : (2 — sin cosz) 


and f costa de = ; (w+ sinz cosz), 


as we have already done by the method of substitution (p. 215). 

It need hardly be mentioned that the corresponding integrals 
for the hyperbolic functions can be calculated in exactly the same 
way. 


Further recurrence formule are given by the following transformations: 
if (log x)" dx = x(logx)™ — m i: (log x)™—1 dx, 
[ede = ZMer — m famed, 
[2m sina de = —2z™ cosz + m fxm cosa dz, 
f= cosa dz = 2™ sina — m fom sin da, 


x (logz)™ om 
a+l1 a+1 


f (og) dz = x*(logx)™"dz (a+ —1). 
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4, Wallis’s Product. 
The recurrence formula for the integral f sin"2 dx leads in 


an elementary way to a most remarkable expression for the 
number 7 as an infinite product. We suppose that n > 1, and 
in the formula 


feinnz da= — 'sin™-12 cosz + 1 foin*a dz 
n n 


we insert the limits 0 and 7/2, thus obtaining 


0] 2 
sin* 2dz = paeciaoae fi ‘sin?andx forn > 1. 
0 n 0 


If we again apply the recurrence formula to the right-hand side 
and continue the process, we obtain, distinguishing between the 
cases n = 2m and n= 2m + 1, 


{2 a = 7/2 
[sina dx = an eae da, 
0 2m = =2m— 2 2 Yo 
—_ 7] 2 
f sin?™ +1 eda = il ee ay ada, 
0 2m+1 2m—1 3 Yo 
whence 
arf = pe 
ff sintade = ™ ai ee 
0 2n Wwm—2 2 


idk m 
f sin2™+1 ¢ da == ——_. 
0 2 


By division this yields 


The quotient of the two integrals on the ne side con- 
verges to 1 as m increases, as we recognize from the following 
considerations. In the interval 0 < 2 < 7/2 we have 


0 < sin’™+12 < sin?" gz < sin?”™-19; 
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consequently 


(2 {2 2/2 
O< f sinttHeedy << as sin?" oda << f sin?”-1y dx, 
0 0 0 


{2 
If we here divide each term by f sin?"+1y dz and notice that by 
the first formula proved above 


{2 
+ om—1 
ff sin tir 2m+1_ 44) 
{2 — > 
f sint+1ydz 2m 2 
0 
rf 
f sin?” 7 dz 1 
we have 1s 7 je apes 
al el 2m 
a sine a dz 
0 


from which the above statement follows. 
The relation 


T jm? 24486 2m Im 
2 mol 33557 I2m—12m+1 
consequently holds. 


This product formula (due to Wallis), with its simple law of 
formation, gives a remarkable relation between the number z 
and the integers. If we observe that 

2m 
m—> oo 2m + 1 
27.47... (Qa — 2) 
m—>o 3°.5%... (2m — 1)? 


== 1, we can write 
7 
= 3” 


and if we take the square root and then multiply mumerator and 
denominator on 2.4... (2m — 2) we find that 


i= tim 224+++(2m=2) go _ yy BPMP.. (Qm—2P 


2 T Sug ete Se = .. (2m— 1) m—> a2 im = 1)! 


lim vs: Om)? / 2m 
m—>o (2m)! 2m ° 
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From this we finally obtain 


(ml)? 22 
wpa Om) 


a form of Wallis’s product which will be of use to us later 
(cf. Chap. VII, Appendix, p. 363). 


= 4/n, 


EXAMPLES 


Evaluate the integrals in Ex. 1-14: 


1. J 2S? ae : 2 f a 3. [ * coszdz. 
4, f ae" dx, 5. f " wteosnadz (na positive integer). 

6. [" a sinnz dz (nx a positive integer). 7. iE x cosa? dz, 
8. if sin‘ x dx. 9. f cos* az dx. 10. f atV1— ada. 
1. f we de, 12. [ae (= 4 1), 

13. f 2” loge de (m+ 1). 14. if 2? (logx)* dz. 


15. Prove the formula 
fto(ayde = e{p(2) — pe) + P(e) — ++} 
where p(x) is any polynomial. 
16. Show that for all odd positive values of 7 the integral | e~*’a"dz can 
be evaluated in terms of elementary functions. 


17. Show that if n is even the integral f e“‘y"daz can be evaluated 


in terms of elementary functions and the integral f eda (for which 
tables have been constructed). 
18. Prove that 


f i f" Heat) du = f f(u)(xe — 10) des. 


19.* Ex. 18 gives a formula for the second iterated integral. Prove 
that the n-th iterated — of f(x) is given by 


ey aad, f(u)(z — 4)" du, 
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5. Inreeration or Rationat Functions 


The most important general class of functions integrable in 
terms of elementary functions consists of the rational functions 


Rey £0) 


g(a 
where f(x) and g(x) are polynomials: 


I (2) = Ay Z™ + Om yw +... Ap; 
9 (%) = byw” + bye"? +... + by (bn + 0). 


We recall that every polynomial can be integrated at once and 
that the integral is itself a polynomial. We therefore need 
only consider those rational functions for which the deno- 
minator is not a constant. Moreover, we can always assume 
that the degree of the numerator is less than the degree (n) 
of the denominator. For otherwise we can divide the poly- 
nomial f(z) by the polynomial g(x) and obtain a remainder 
of degree less than m; in other words, we can write 
f(z) = q(x)g(x) + r(x), where g(z) and r(x) are also poly- 
nomials and r(z) is of lower degree than n. The integration of 


f(2) is then reduced to the integration of the polynomial q(z) 


g (x) 


and of the “ proper ” fraction aa We further notice that the 
function m can be represented as the sum of the functions 
ax” Ge a” 


aay © that we need only consider integrands of the form ge) 
1, The Fundamental Types. 


We shall not at once proceed to the integration of the most 
general rational function of the above type, but shall instead 
study only those functions in which the denominator g(z) is of a 
particularly simple type, namely, 


g(z)= 2, g(u)=1+ 2%, 
or, more generally, 
g(t) = 2", g(x) = (1 + 2)" 


where n is any positive integer. 
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To this case we can reduce the somewhat more general case 
in which g(x) = (ar-+ 8)", a power of a linear expression 
oz+ B (a= 0), or g(x) = (az? + 2ba+ cc)", a power of a 
definite * quadratic expression. In the first case we introduce 
a new variable = ax -+ B. Then dé/dr = a, and x= (€ — f)/a 
is also a linear function of & Each numerator f(z) becomes a 
polynomial ¢(£) of the same degree, and consequently 


f@) a1 re 
ferme ad go 


In the second case, we write 


aa? 4 2be +o ©(am + op +2 (@ = ac — b, d>0), 


observing that, since we have assumed our expression to be 
definite, ac — 6? must be positive and a+0. By introducing 
the new variable 
_az+b 
eer es 


we arrive at an integral with the denominator [Fa + e)] r 


Hence in order to integrate rational functions whose de- 
nominators are powers of a linear expression or of a definite 
quadratic expression it is sufficient to be able to integrate the 
following types of functions: 


ay + ee gett 
a” (+1) (+ 1)" 


We shall, in fact, see that even these types need not be treated 
in general, for we can reduce the integration of every rational 
function to the integration of the very special forms of these 
three functions obtained by taking y= 0. Accordingly we now 
consider the integration of the three expressions 

1 1 x 

av (at +1)" (+ 1)" 

* A quadratic expression Q(z) = ax* + 2bx + ¢ is said to be definite if for 

al] real values of 2 it takes values having one and the same sign, ice. if the 


equation Q(z) = 0 has no real roota. For this it is necessary and sufficient 
that ac — 6? should be positive, 
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2. Integration of the Fundamental Types. 


: : 1, 3 ‘ 
Integration of the first type of function, » immediately yields the 
expression log| | if 7 = 1, and the expression — a ifn> 1, 
so that in both cases the integral is again an elementary function. Func- 
tions of the third- type can be integrated immediately by introducing the 
new variable & = 2% -+ 1, whence we obtain 27dzx = d& and 


; ny aga ifn=1, 


zx 
J e@ppPnilen : 


“ae hepys 87" 


Finally, in order to calculate the integral 


dz 
Ia f (+ 1)” 


where has any value exceeding 1, we make use of a recurrence method. 
For if we put 


Pe oe ee ee ee 

@+ie @+yt @+1" 

de de pate 
eothae jane faa @+ip 


we can transform the right-hand side by integrating by parts, using the 
formula on p. 218 with 


= x 
fa=2z 7 (2)= @4+ i" 


Then, as we have just found above, 


1 1 


(=~ 3 wher 


and consequently we obtain 


Ee floor ae NS AERE RE OY 
eS BHD 2H —NeF FIM Aa@—TI +) 
The calculation of the integral I,, is thus reduced to that of the integral 
I,-1- Ifn— 1 > 1 we apply the same process to the latter integral, and 
continue the process until we finally arrive at the expression 


dz 
fequy7"™ 
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We thus see that the integral * J,, can be explicitly expressed in terms of 
rational functions and the function are tanz. 


1 
Incidentally, we could also have integrated the function pip 


directly using the substitution 2 = tané; we should then have obtained 
dz = sec*tdt and 1/(1 + 2*) = cos*#, so that 


S @eapm fortes 


and we have already learned (p. 222) how to evaluate this integral. 


3. Partial Fractions. 


We are now in a position to integrate the most general 
rational functions, in virtue of the fact that every such function 
can be represented as the sum of so-called partial fractions, 
ie. as the sum of a polynomial and a finite number of rational 
functions, each one of which has either a power of a linear 
expression for its denominator and a constant for its numerator, 
or else a power of a definite quadratic expression for its 
denominator and a linear function for its numerator. If the 
degree of the numerator f(z) is less than that of the denominator 
g(x) the polynomial does not occur. We are now in a position 
to integrate each partial fraction. For according to p. 226 the 
denominator can be reduced to one of the special forms 2” and 
(a?-+ 1)", and the fraction is then a combination of the 
fundamental types integrated on p. 228. 

We shall not give the general proof of the possibility of this 
resolution into partial fractions. On the contrary, we shall 
confine ourselves to making the statement of the theorem in- 
telligible to the reader and to showing by examples how the 
resolution into partial fractions can be carried out in typical 
cases. In actual practice only comparatively simple functions 
are dealt with, for otherwise the computations become far too 
complicated. 


* The integral of the function w@ 4 Wi can be calculated in the same way; 


by the corresponding recurrence method we reduce it to the integral 


fe i =, = ar tanhz (or ar coth2). 
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As we know from elementary algebra, every polynomial 
g(x) can be written in the form 


G(%) = a(%— 04)" (— ag)... (GA Dba + 04) (27+ 2b yar Oy)". . 


Here the numbers a,, a,,... are the real and distinct roots of 
the equation g(x) = 0, and the positive integers 4, J, . . . indicate 
the numbers of times they are repeated; the factors 2? + 2b,” + ¢, 
indicate definite quadratic expressions, of which no two are the 
same, with conjugate complex roots, and the positive integers 
Ty) Te, . . . give the numbers of times that these roots are repeated. 

We assume that the denominator is either given to us in 
this form or else that we have brought it to this form by calcu- 
lating the real and imaginary roots. Let us further suppose that 
the numerator f(z) is of lower degree than the denominator 
(cf. p. 226). Then the theorem on resolution into partial 
fractions can be stated as follows. For each factor (7 — a)}, 
where a is any one of the real roots and J is the number of 
times it is repeated, we can determine an expression of the 
form 

A, 
Tar eer aa 

and for each ‘quadratic factor Q(x) == a?-+ 2bz-+-¢ in our 
product which is raised to the power r we can determine an 
expression of the form 


B+ OC , B+ Og B, + Ca 
ge ge gee 


in such a way that the function —— f(e) ; is the sum of all these ex- 


pressions. In other words, the quotient “S can be represented 


as a sum of fractions each of which belongs to one or other of 
the types integrated on p. 228.* 


* Here we give a brief sketch of the method by which the possibility of this 
decomposition into partial fractions is proved. If g(x) = (w — a)* A(x) and 
4(a) 4 0, then on the right-hand side of the equation 


fa) fla) — 1 f(x) (a) - f(a) A(z) 


9(z)  Ala)(z— ale Ala) = (@ ~ a)k h(x) 


the numerator obviously vanishes for z = a; it is therefore of the form 
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In particular cases the splitting up into partial fractions can be done 
easily by inspection. If, for example, g(x) = z* — 1, we see at once that 


1 
that = _] 
3 faa 3 °8 


More generally, if g(x) = (x — «)(x — 8), that is, if g(x) is a non-definite 
quadratic expression with two real zeros a and B, we have 


1 _ ol 11 1 
(@—a)(e@— 8) a—Bx—a a—Bpe—B 
dx _ il u—a 
so that fesesp7* i ™ o=6t 


4. Example. The Bimolecular Reaction. 


A simple example of the application of this easy reduction to partial 
fractions is given by the so-called bimolecular reaction. Let us suppose 
that we have two reagents whose original concentrations in mols per unit 
volume are a and b, where we assume that a < b, and let us suppose that 
in time ¢ there is formed in the unit volume a quantity x (mols) of the 
product of reaction. Then, according to the law of mass action (cf. p. 182), 
in the simplest case—reaction between one molecule of each of the re- 
agents—the rate of increase of the quantity x is given by the equation 


dz 
a k(a — %)(b— 2). The problem is to determine the function 2(¢). 
If, inversely, we think of the time ¢ as a function of z, we have 

dt 1 1 1 I )s 


dx ka—zx)(b—2z) k(o—a) \a—x b—-@ 
hence by integration 


1 log? —* 
a—b b—2z 


k= +c forzw<a<b. 


h(a) (% ~— a)™f,(x), where f,(z) is also a polynomial, the integer m & 1, and 
fila) 0. Writing fe) = 8, this gives us 


f@)__ BL f(z) 


g(z)  (@— a)E (x — alk-mh(xy 


Continuing the process, we can keep on diminishing the degree of the power 
of (z — a) occurring in the denominator until finally no such factor is left. 
On the remaining fraction we repeat the process for some other root of 9(z), 
and do this as many times as g(z) has distinct factors. This being done not 
only for the real but also for the complex roots, we eventually arrive at the 
complete analysis into partial fractions. 
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We determine the constant of integration ¢ by the condition that at time 
#= 0 no product of reaction has yet been formed, so that 


1 a 
log - = 0. 
Pe a Fas 0. 
We thus obtain finally zs 
1—*2 
kt = log a 
a—b x 
1-2 
b 


and if we solve for z this gives the required function x(t): 
ab(1 — e(a—b) kt) 
.= —___,—., 
b — aela—b) ks 
5. Further Examples of Resolution into Partial Fractions. The 
Method of Undetermined Coefficients. 


Tf g(x) = (%— a,)(@— a)... (@—a,), where a, = a, if 
t-t k, ie. if the equation g(x) = 0 has only single real roots, the 
expression in terms of partial fractions has the simple form 


Bitat as Oh oe a Gs ost oe. 
g(t) &@—-a &—a, L— dy 


We obtain explicit expressions for the coefficients a, @,,... if we 
multiply both sides of this equation by («— a,), cancel the common 
factor (a — a,) in the numerator and denominator on the left 
and in the first term on the right, and then put c= a,. This 
gives * 

1 


1 (aq — a) (4 — a5)... (a — a) 


As a typical example of a denominator g(x) with multiple roots, we 


consider the function “eniy The preliminary statement 
xz —_— 


1 a b,6¢ 
Bi@—h #— Te oa 
in accordance with p. 230 leads us to the required result. If we multiply 
both sides of this equation by 2°(z — 1) we obtain the equation 
1= (a+ b)22— (b—c)z— Ce, 


* The reader will observe that the denominator on the right is g’(2a,), ie. 
the derivative of the function g(x) at the point z = a,. 
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true for all values of x, from which we have to determine the coefficients 
a, b,c. This condition cannot hold unless all the coefficients of the poly- 
nomial (a + b)2*— (b—c)x—e—1 are zero, i.e. we must have 
a+b=b—c=ce4+1=0lore=—1, b= —1,a@=1. We thus obtain 
the resolution 


1 —_i _!1_1 
w(e¢—1) 2-1 2 x 
and consequently 


dx 1 
=~ = log |z — 1] — 1 ; 
Sa@y log |z — 1] og lel + 


We shall now split up the function 


ae <a (which is an example of 


the case where the zeros of the denominator are complex) in accordance 
with the equation 


1 mt Cte 
a(@®+1) 2° w+] 
For the coefficients we obtain a + b=c=a—1=0, so that 
Bet Co a oa 
a(a?+1) 2 2+) 


and consequently 


dx 1 
Sata log |x| — 5 eater + 1). 


As a third example we consider the function = a i Even Leibnitz 


found this a troublesome integration. We can represent the denominator 
as the product of two quadratic factors: 


wt Les (2% + 1)? — 2a? = (2®§ + 1+ V 20) (2? + 1—V 22), 


We know, therefore, that the resolution into partial fractions will have 
the form 


19 +2. axz+b + co+d 
+l 2@4V22+1' @—Vaet] 


To determine the coefficients a, b, c, d, we have the equation 
(atc) + (b4+d—aV2+cvV2)e2+ ato—bV2+dv2)z 
which is satisfied by the values 

1 
= —,, b= 

o 378 
We therefore have 
1 1 at v2 aol z—v2 

m+l 2V2 8+ VeeF1 BV2 A Veet T 
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and, applying the method given on p. 227, we obtain 


dz 


rea = gig be lett V2241/— 2, 5 og |at— V2e+1| 


+ gpa are tan (V 2x + I) + 50, are tan (Vv 2x — 1), 


which may easily be verified by differentiation. 


EXaMPiEs 
Integrate: 
1. ip — 8. f a 
. J ea priesa® 
* f epy 0 fee Ts 
Leen uf; = de. 
® | oaReTT ef ri 
* | eT 1 fap 
1. ps 14, if ae 


6. InrEGRATION OF Some OTHER CLASSES oF FUNCTIONS 
1. Preliminary Remarks on the Rational Representation of the 
Trigonometric and Hyperbolic Functions. 


The integration of some other general classes of functions can 
be reduced to the integration of rational functions. We shall 
be better able to understand this reduction if we begin by stating 
certain elementary facts about the trigonometric and hyperbolic 


functions. If we put ¢= tan 7 elementary trigonometry gives 


us the simple formule 
— a 


=i 
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1 x 2 _ of 
for ite — cos? 5 and ite = sin? 7 


and hence from the elementary formule 


: x x x of 
sing = 2cos*-tan- and cosxz = cos? - — sin? - 
2 2 2 2 


we obtain the above equations. These equations show that sinz 
and cosx can be expressed rationally in terms of the quantity 


t= tan 5 From ¢ = tan 5 we have by differentiation 


dz 2 
dz 2cos*z/2 2 te Toe 


hence the derivative is also a rational expression in ¢, 


The geometrical representation of our formulm and their geometrical 
meaning are given in fig. 2. Here the circle u* + v? = 1 in a uv-plane is 
shown. If x denotes the angle POT in 
the figure, then u=cosz and v = sinz. 
The angle OSP with its vertex at the 
point u= —1, v= 0 is equal to 2/2, by 
a theorem in elementary geometry, and 
we can read off the geometrical meaning 
of the parameter ¢ from the figure; 
t= tanjz= OR. If the point P starts 
from S$ and runs once round the circle in 
the positive direction, i.e. if « runs through 
the interval from —7 to +1, the quantity 
# will run through the whole range of Fig. 2.—Parametric representation 
values from — 0 to “+ 00 exactly once. of the trigonometric functions 


We may correspondingly express the hyperbolic functions 
cosha = $(e* + ¢*) and sinha = }(e* — e~*) as rational func- 
tions of a third quantity. The most obvious way is to put e* = 1, 
so that we have 


coshz = (7+ *), sinha = 3(7- Y, 
2 T 2 T 


which are rational expressions for sinhz and coshz. Here again 
dx/dt = 1/7 is rational in +. But we obtain a closer analogy 
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with the trigonometric functions by introducing the quantity 
t= tanh =; we then arrive at the formulse 


coshz = i+é 


: 2t 
inh w == ; : 
aa on 


By differentiating ¢ = tanh= we obtain, as on p. 235, the rational 
expression 

dx —_2 

ad i1-—# 
for the derivative dz/dt. Here again the quantity ¢ has a geometri- 


cal meaning similar to that which it has in the case of the trigo- 
nometric functions, as we see at once from fig. 3. 


Fig. 3.—Parametric representation of the hyperbolic functions 


But whereas in the case of the trigonometric functions ¢ 
must run through the whole range of values from — to 
in order to give all pairs of values of cos# and sinz, in the 
case of the hyperbolic functions ¢ is limited to the interval 
-1l<it<l. 

Having made these preliminary remarks, we proceed to our 
integration problem. 


2. Integration of R(cosx, sinx). 


Let R(cosa, sina) denote an expression which is rational in 
the two functions sing and cosz, ie. an expression which is 
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formed rationally from these two functions and constants, such as 
3 sin?z + cosz 
3 cos?a + sing 
If we apply the substitution ¢ = tan 5 the integral 
f R(cosa, sinx)dx 
is transformed into the integral 
1—@#@ 2% 2 
R{-_—., ——_.) —. d, 
f G4 vie) i+#@ 
and under the integral sign we now have a rational function of t. 
Thus we have in theory obtained the integral of our expression, 


since we can now perform the integration by the methods of the 
preceding section. 


3. Integration of R(coshx, sinh). 


In the same way, if R(coshz, sinhz) is an expression which 
is rational in terms of the hyperbolic functions cosh and sinhz, 
we can effect its integration by means of the substitution 


t= tanh z Recalling that 


da 2 
dé i1—# 
we have 
P = 1+2@ 2 2 
f R(coshe, sinha)de = frie a i 


(According to a previous remark we could also have introduced 
7 = e” as a new Variable and expressed cosh x and sinhz in terms 
of 7.) The integration is once again reduced to that of a rational 
function. 


4. Integration of R{x, «/(1 — x?) }. 


The integral a R{x, «/(1 — a*)}da can be reduced to the type 
treated in No. 2 by using the substitution 
= cosu, «/(1l — 27) = sinu, dx = —sinu du; 
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from this stage the transformation ¢ = tan 5 brings us to the 


integration of a rational function. Incidentally, we could have 
carried out the reduction in one step instead of two by using 
the substitution 


l—«z _1-#, _aty 2. 
t= 4/(F=2) « Tap VOSS 


dx  —4t . 
a (+2) 


that is, we could have introduced t = tan 5 directly as the new 


variable and thereby obtained a rational function to integrate. 


5. Integration of R{x, »/(x? — 1)}. 


The integral i R{za, »/(2?—1)}dz is transformed by the sub- 


stitution x == cosh w into the type treated in No. 3 (p. 237). Here 
again we can arrive at our goal directly by introducing 


ces ee 


6. Integration of R{x, ./(x?+ 1)}. 


The integral | R {x, »/(z? + 1)}dzx is reduced by the trans. 
er 


formation «=sinhu to the type considered in No. 3 (p. 237), 
and can therefore be integrated in terms of elementary functions. 
Instead of the further reduction to the integral of a rational 


function by the substitution e* = 7 or tanh 5 == t, we could have 


reached the integral of a rational function at a single stroke by 
either of the substitutions 


r=a2+ (2+ 2), re tt Ve +) 


Zz 


7. Integration of R{x, «/(ax* + 2bx 4+ c)}. 


The integral f R{a, »/(ax* + 2bx + c)}de of an expression 
which is rational in terms of z and the square root of an arbitrary 
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polynomial of the second degree in a can immediately be re- 
duced to one of the types just treated. We write (cf. p. 227) 


ac — B 


az? +. be + o= + (ax + )8 + 


If ac— b?> 0 we introduce a new variable £ by means 
az b 


of the transformation ¢ = Vac — By whereupon the surd takes 
— #2 
the form | {= = e (+1) }. Hence our integral when expressed 


in terms of € is of the type of No. 6. The constant a must here 
be positive in order that the square root may have real values. 
If ac — b? = 0, a> 0, then by way of the formula 


b 
J (aa? + 2br + c) = v/a (« + *) 


we see that the integrand was rational in to begin with. 


If, finally, ae — b® < 0, we put ¢ = i 


(BioIil Wa ia positive: 
f p 


and obtain for 


the surd the expression \* = 
our integral is thus reduced to the type of No. 5 (p. 238); if, on 
the other hand, @ is negative, we write the surd in the form 
4f (F= af V(1 — &) and see that the integral is thus reduced 
to the oe of No. 4 (p. 237). 


8. Further Examples of Reduction to Integrals of Rational 
Functions. 

Of other types of functions which can be integrated by re- 
duction to rational functions we shall briefly mention two: 
(1) rational expressions involving two different surds of linear 
expressions, R{x, +/(ax + b), s/(ax+ B)}; (2) expressions of 
the form R{2, (e+ b 

az + B 
In the first case we introduce the new variable £ = (ax + B), 
so that ax + B= £, and consequently 


net sol and a 


)}. where a, b, a, 8 are constants. 
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then i Rix, «/(ax + b), (ax + )} de 


= (r{E—F, 2 fae — ep — om}, €} 28 ae, 


which is of the type discussed in No. 7. 
If in the second case we introduce the new variable 


r= (25 
ax + p/’ 
we have 


gna az +b eee —pé" +6 da ap — ba nent, 


ax + Bp “agt—a’ dé (ag*—a)}*” 


and we immediately arrive at the formula 


feo (Sep)* 


=fR wien é) oe né1dé, 


af"—a ag" — a)? 


which is the integral of a rational function. 


9. Remarks on the Examples. 


The preceding discussions are chiefly of theoretical interest. 
In the case of complicated expressions the actual calculations 
would be far too involved. It is therefore expedient to make 
use, when possible, of the special form of the integrand to sim- 
plify the work. For example, in order to integrate the expression 
Panta cots it is better to use the substitution ¢ = tanz 
instead of that given on p. 237, for sin?a and cos" can be ex- 
pressed rationally in terms of tanz, and it is therefore unneces- 


sary to go back to t= tan. The same is true for every expres- 


sion formed rationally from* sin?«, cosa, and sinzcosx. More- 
over, for the calculation of many integrals a trigonometrical form 
is to be preferred to a rational one, provided that the trigono- 
metrical form can be evaluated by some simple recurrence method. 


* For sin z cosz = tan cos*z can of course be expressed rationally in terms 
of tan. 
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For example, although the integrand in f ar{4/(1 — 2°)” dx can 
be reduced to a rational form, it is better to write z= sin u 
and bring it to the form / sin"« cos™+1udu, since this can easily 


be treated by the recurrence method on p. 222 (or by using the 
addition theorems to reduce the powers of the sine and cosine 
to sines and cosines of multiple angles). 


For the evaluation of the integral 


pee SG), 


acosz-+ bsinz 


instead of referring to the general theory we determine a number A and 
an angle 0 in such a way that 
a=Asin@, 6= Acos6; 


that is, we write 


eS b 
A= Va? + 83, sind = 4, cos 0 = 5 


The integral then takes the form 
1 ii dz 
A J sin(z + 6) 


and on introducing the new variable x + 0 we find (cf. p. 215) that the 
value of the integral is 


1 a+6 | 
=| t a 
A log j tan 3 
EXAMPLES 
Integrate: 
1 f da 7 f dx 
: 1+ sing . 1+ cos*z’ 
a 8. Hi aK oe 
1+ cosa 3 + sin?a 
da 
3. ———_—__——. 7 ) 3 i 
2+ sing ° pees 
Com 10. f GREK. osene 
sin? x sing + cosz 
5. Bae 11. pes leme sin x dz, 
cos 2 3 cos?a + sin‘z 
m2 dx 


Rute 12, a® — 4) dx, 
0 3+ cosz fv Mae 


9 (8 798) 
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13, [Vat 92%) de. 16. las 
f dz 7 V(l4+2)+ V(1—2) 
(a — 2)V (a — 42 + 3) “J V(i+2)—V(1l—2) 
V (2 — 
ieee lesceresy 


0% | oa ves 


7. REMARKS ON FUNCTIONS WHICH ARE NOT INTEGRABLE 
IN TERMS OF ELEMENTARY FUNCTIONS 


l. Definition of Functions by means of Integrals. Elliptic 
Integrals. 

With the above examples of types of functions which can be 
integrated by reduction to rational functions, we have practi- 
cally exhausted the list of functions which are integrable in 
terms of elementary functions. Attempts to express general 
integrals such as 

dx 


cs +ae+...+ a2") 


Lo 
or f © dx in terms of elementary functions have always ended 
x 


[Vi ao + et... + age") de 


in failure; and in the nineteenth century it was finally proved 
that it is actually impossible to carry out these integrations in 
terms of elementary functions. 

If, therefore, the object of the integral calculus were to inte- 
grate functions in terms of elementary functions, we should 
have come to a definite halt. But such a restricted object has 
no intrinsic justification; indeed, it is of a somewhat artificial 
nature. We know that the integral of every continuous function 
exists and is itself a continuous function of the upper limit, and 
this fact has nothing to do with the question whether the integral 
can be expressed in terms of elementary functions or not. The 
distinguishing features of the elementary functions are based on 
the fact that their properties are easily recognized, that their ap- 
plication to numerical problems is often facilitated by convenient 
tables or, as in the case of the rational functions, that they can 
easily be calculated with as great a degree of accuracy as we please. 
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Where the integral of a function cannot be expressed by 
means of functions with which we are already acquainted, there 
is nothing to hinder us from introducing this integral as a new 
“higher ” function in analysis, which really means no more than 
giving it a name. Whether the introduction of such a new fune- 
tion is convenient or not depends on the properties which it 
possesses, the frequency with which it occurs, and the ease with 
which it can be manipulated in theory and in practice. In this 
sense the process of integration therefore forms a basis for the 
generation of new functions. 

After all, we are already acquainted with this principle 
from our dealings with the elementary functions. Thus we found 
ourselves obliged (p. 167) to introduce the previously unknown 
integral of 1/2 as a new function, which we called the logarithm 
and whose properties we could easily determine. We could have 
introduced the trigonometric functions in a similar way, making 
use only of the rational functions, the process of integration, 
and the process of inversion. For this purpose we need only take 
one or other of the equations 

dé 


di wal. if 
iv# or arc sing » Va 
as the definition of the function arc tanz or arc sinz respectively, 
in order to arrive at the trigonometric functions by inversion. 
By this process the definition of these functions is separated 
from geometry, but we are naturally left with the task of develop- 
ing their properties, also independently of geometry.* 

The first and most important example which leads us beyond 
the region of elementary functions is given by the elliptic integrals. 
These are integrals in which the integrand is formed in a rational 
way from the variable of integration and the square root of an 
expression of the third or fourth degree. Among these integrals 
the function i 


is a Se — 2)(1 — Ba?) 


turns out to be of particular importance. Its inverse function 
s(u) plays a correspondingly important part. In particular, for 


3 
arc tana =f 
0 


* We shall not go into the development of these ideas here. The essential 
step is to prove the addition theorems for the inverse functions, i.e. for the 
sine and the tangent. 
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k= 0 we obtain u(s) = arc sing and s(u) = sinw respectively. 
The function s(u) has been as thoroughly examined and tabu- 
lated as the elementary functions. This, however, leads us 
away from the line of the present discussion and into the realm 
of the so-called elliptic functions, which occupy a central position 
in the theory of functions of a complex variable. 

Here we shall merely remark that the name “elliptic inte- 
gral” arises from the fact that such integrals enter into the 
problem of determining the length of an are of an ellipse. 
(Cf. Chap. V, p. 289.) 


We may further point out that integrals which at first sight have 
quite a different appearance turn out after a simple substitution to be 
elliptic integrals. As an example, the integral 

ee. 
V/ (cos « — cos x) 


“cc 


is transformed by means of the substitution vu = cos into the integral 


V(1— u*)(1 — ku?) cos «/2 
dx 
the integral J V (cos 22) 


by means of the substitution uv = sin z becomes 
f du ‘ 

V (i — u)(1 — 2u) 

and finally the integral f eee MONG 
V (1 — & sin? x) 


is transformed by the substitution u = sin x into 


f du 
Va— aya Bay 


2. On Differentiation and Integration. 

Another remark on the relation between differentiation and 
integration may be inserted here. Differentiation may be 
considered a more elementary process than integration, since 
it does not lead us away from the domain of known functions. On 
the other hand, we must remember that the differentiability 
of an arbitrary continuous function is by no means a foregone 
conclusion, but a very stringent additional assumption. We 
have, in fact, seen that there are continuous functions which 
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are non-differentiable at isolated points, and we may mention 
without proof that since Weierstrass’ time many examples have 
been constructed of continuous functions which do not possess 
a derivative anywhere at all.* (There is therefore much less 
in the mathematical definition of continuity than simple intuition 
would lead us to suppose.) In contrast to this, even though in- 
tegration in terms of elementary functions is not always possible, 
in all circumstances we are certain at least that the integral of 
a continuous function exists. 

Taken all in all, we see that integration and differentiation 
cannot be simply classified as more elementary and less elementary, 
but that from some points of view the one and from other points 
of view the other should be thought of as the more elementary. 

In so far as the concept of integral is concerned, we shall see 
in the next section that it is not closely bound up with the 
assumption that the integrand is continuous, but that it may be 
extended to wide classes of functions with discontinuities. 


8. EXTENSION OF THE ConcEPT or INTEGRAL. ImPROPER 
INTEGRALS 


l. Functions with Jump Discontinuities. 


In the first instance we see that there is no difficulty in ex- 
tending the concept of integral to the y 
case where the function to be in- 
tegrated has jump discontinuities at 
one or more points in the interval 
of integration. For we need only 
take the integral of the function as | 7 * 
the sum of the integrals over the Fis. ge Tee maicgral ots 
separate sub-intervals in which the 
function is continuous.t The integral then retains its intuitive 
meaning as an area (cf. fig. 4). 


* Cf. Titchmarsh, The Theory of Functions (Oxford, 1932), §§ 11°21-11°23 
(pp. 350-354). 

+ We should really observe that in our previous definition of integral we 
took the interval as closed and the function as continuous in the closed interval. 
This gives us no trouble, since in each closed sub-interval we can extend the 
function so that it is continuous by taking for the value of the function at the 
end-point the limit of the function as x approaches the end-point from the 
interior of the interval. 
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2. Functions with Infinite Discontinuities. 


It is quite a different matter when the function has an infinite 
discontinuity in the interior of the interval or at one of its ends. 
In order even to formulate the notion of integral in this case we 
must introduce a further limiting process. Before stating 
the general definition we shall illustrate some of the possibilities 
by means of examples. 


We begin with the integral i = 


where « is a positive number. The integrand 1/2* becomes infinite as 
x 0, and we therefore cannot extend the integral to the lower limit 0. 
We can, however, try to find what happens when we take the integral 
from the positive limit « to the limit 1, say, and finally let < tend to 0. 
According to the elementary rules of integration, we obtain, provided 
nee 1 dx 1 


We immediately recognize that the following possibilities ocour: (1) & is 
greater than 1; then as ¢ > 0 the right-hand side tends to »:; (2) « is 
less than 1; then the right-hand side tends to the limit 1/(1— a). In the 
second case, therefore, we shall simply take this limiting value as the 
integral between the limits 0 and 1. In the first case we shall say that 
the integral from 0 to 1 does not exist. (3) In the third case, where « = 1, the 
integral will be equal to —loge and therefore as e > 0 it approaches no 
limit, but tends to oo; that is, the integral from 0 to 1 does not exist. 
Another example of the extension of the integral of a function up to an 
infinite discontinuity is given by the integrand Tam . We find that 
1—e dx . 
I Va-a = are sin (1 — ¢). 


If we let ¢ tend to 0, the right-hand side converges to a definite limit, x/2; 


1 
we therefore call this the value of the integral A a zy’ even 


though the integrand becomes infinite at the point 2 = 1. 


In order to extract a perfectly general concept from these 
examples, we notice in the first place that it clearly makes no 
essential difference whether the discontinuity of the integrand 
lies at the upper end or the lower end of the interval of in- 
tegration. We now make the following statement: 
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If in an interval 2x <b the function (x) is continuous 
with the single exception of the end-point b, we define [ ” £(x)dx as 
the limit 
lim [ f(2) de 


«-—>0%a 


—where the point b — € approaches the end-point b from the in- 
terior of the interval—provided that such a limit exists, 


b 
In this case we say that the improper integral ; f (x) dx con- 
verges. If, however, no such limit exists, we say that the integral 
b 
1 J (x) dx does not exist or does not converge or that it diverges. 


y 
= 
as 
Aeaf 
Qt 
.e) x 


Fig. 5.—To illustrate the convergence or divergence of improper integrals 


An analogous definition holds for the case where the lower 
limit of the interval of integration, and not the upper, is the 
exceptional point. 


Even improper integrals can be interpreted as areas. In the first instance, 
of course, there is no sense in speaking of the area of a region which extends 
to infinity; yet one may attempt to define such an area by means of a passage 
to the limit from a bounded region with a finite area. For example, the 
above results for the function 1/z* imply that the area bounded by the 
z-axis, the line x = 1, the line z = ¢, and the curve y = 1/x* tends to a 
finite limit as ¢ -> 0, provided that « < 1, and that it tends to infinity if 
«21. This fact may be simply expressed as follows: the area between 
the a-axis, the y-axis, the curve, and the line x = 1 is finite or infinite 
according asa < lore 21. 

Intuition can, of course, give us no precise information about the 
finiteness or infiniteness of the area of a region stretching to infinity. Of 
such a region we can only say that the more closely its sides approach one 
another the more likely it is to have a finite area. In this sense fig. 5 illus- 
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trates the fact that for « <1 the area under our curve remains finite, 
while for « = 1 it is infinite. 


In order to find out whether a function f(z) which has an in- 
finite discontinuity at the point «= 6 can be integrated up to 
b, we can often save ourselves a special investigation by using 
the following criterion: 

Let the function f(z) be positive* in the interval a Sab, 


and let lim f(z). Then the integral f J (x)dx converges if there 
z—>b a 


exist both a positive number p less than 1, and a fixed number 
M independent of x, such that everywhere in the interval 


as2<b the inequality f(z) S is true; in other words, 


M 
(6 — x)" 
if at the point x =b the function {(x) becomes infinite of a lower 
order than the first. On the other hand, the integral diverges, 
if there exist both a number vy = 1 and a fixed number N, such 
that everywhere in the interval aS2<b the inequality 

N 
fe) 25 
the function f(x) becomes infinite of the first order at least. 

The proof follows almost immediately by comparison with 
the very simple special case discussed above. In order to prove 
the first part of the theorem we observe that for0<«<b—a 
we have 


is true; in other words, if at the point x=b 


0 s[foaes [Gente 


As e€~>0 the integral on the right, which is obtained from the 
integral if = (p. 128) by a simple change of notation, has a limit, 
and therefore remains bounded. Moreover, the values of 
fA fla) de increase monotonically as «e->0; since they are also 


b 
bounded, they must possess a limit, and the integral f f(x) da 
therefore converges. i 

The parallel proof of the second part of the theorem is left 
as an exercise for the reader. 


* In the Appendix to Chap. VIII (p. 418) we shall see that this restriction 
of sign can easily be remov 
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We likewise see at once that exactly analogous theorems hold 
where the lower limit of the integral is a point of infinite dis- 
continuity. Ifa point of infinite discontinuity lies in the interior 
of the interval of integration, we merely use this point to 
divide the interval into two sub-intervals and then apply the 
above considerations to each of these separately. 


As a further example we consider the elliptic integral 


_ (2 <2) 
o Va— a) (1 — Bat) 


From the identity 1 — x? = (1 — z)(1 + 2) we see at once that as # > 1 
the integrand becomes infinite only of order $, whence it follows that the 
improper integral exists. 


3. Infinite Interval of Integration. 


Another important extension of the concept of integral 
consists in taking one of the limits of integration as infinite. 
In order to make this extension precise, we introduce the 
following notation: if the integral 


[seae, 


where a is fixed, tends to a definite limit when A increases posi- 
tively beyond all bounds, we denote the limit by 


[ fede, 


and call it the integral from a to of the function f(z). Of 
course such an integral does not necessarily exist or, as we often 
say, converge. 


Simple examples of the various possibilities are again yielded by the 
functions f(x) = 1/2, 
A 
Se oot ae 2 4) 
1 am l—-a 
Here we see that, if we again exclude the case « = 1, the integral to infinity 
exists for the case « > 1, and in fact 


© dx i... 

; on a 1’ 
on the contrary, when « < 1 the integral no longer exists. For the 
case a = | the integral again clearly fails to exist, since logs tends to in- 


finity as z does. We see, therefore, that with regard to integration over an 
9e (2798) 
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infinite interval the functions 1/z* do not behave in the same way as for 
integration up to the origin. This statement also is made plausible by a 
glance at fig. 5, For we see that the larger a is, the more closely do the 
curves draw in towards the z-axis when x is large, so that we can readily 
suppose that the area under consideration tends to a definite limit for 
sufficiently large values of «. 


The following criterion for the existence of an integral with 
an infinite limit is often useful. We again assume that for sufii- 
ciently large values of x, say for z = a, the integrand has always 
the same sign, which without loss of generality we can choose 
to be positive.* Then we have the following statement: 


The integral im £(x)dx converges if the function {(x) vanishes at 
infinity to a higher order than the first, that is, if there is a number 
v> 1 such that for all values of z, no matter how large, the 
relation 0<f(z)S - is true, where M is a fixed number inde- 


pendent of x. Again, the integral diverges if the function remains 
positive and vanishes at infinity to an order not higher than the 
Jirst, that is, if there is a fixed number N > 0 such that xf (xz) = N 

The proof of these criteria, which runs exactly parallel to 
the previous argument, can be left to the reader. 


A very simple example is the integral f - ; dx(a > 0). The integrand 
a 


vanishes at infinity to the second order. As a matter of fact, we see at 


A 
once that the integral does converge, for f = dz = a = and therefore 
lq a 


1 1 
[ —dz = =. 
lq @ a 


Another equally simple example is 


oi P vw 
f Tap @ = im (are tan A — are tan 0) = 5. 


4. The Gamma Function. 


A further example of particular importance in analysis is 
offered by the so-called gamma function 


T(n) = [erode (n> 0). 


* As we shall see in the Appendix to Chap. VIII (p. 418), this restriction 
of sign can easily be removed. 
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Here also the criterion of convergence is satisfied; e.g. if we 


choose v= 2, we have limz’.e*z""1—0, since the expo- 
x—>o 


nential function e~* tends to zero to a higher order than any 
power 1/x” (m> 0). This gamma function, which we can think 
of as a function of the number n (not necessarily an integer), 
satisfies a remarkable relation, which we can arrive at in the 
following way by integration by parts. To begin with, we have 


fetade =— erg tt (n— 1) fervor? dx. 


If we take this formula between the limits 0 and A and then 
let A increase beyond all bounds, we immediately obtain 


P(n) = (w— 1) [ ertar*de = (n—1)T (n— 2), 
and by this recurrence formula, provided p is an integer and 
0O<p<n, 
T'(n) = (mn — 1) (n— 2)... (n— p)f eeamrda, 
In particular, if n is a positive integer, we have 


P(n) = (n— I)(n—2)...3.2.1f ede, 


and since f “ede == 1, 


it follows finally that 
D(n) = (n— 1)(n— 2)...2.1=(n—1)! 
This expression of a factorial by an integral is of importance 
in many applications. 
a i] 
The integrals 2" dn, Ne? dee 
e integra. J e a f xe 


also converge, as we may easily convince ourselves by means of our 
criterion. 


5. The Dirichlet Integral. 


A convergent integral, important in many applications, 
whose convergence does not follow directly from our criterion, 
and which is a simple case of a type investigated by Dirichlet, is 


r= [°F ae, 
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This integral is easily seen to be convergent if the upper limit 

is finite, for sng —>lasz-—>0. Its convergence in the infinite 
x 

interval is due to the periodic change of sign of the integrand, 

which causes the contributions to the integral from neighbour- 

ing intervals of length a almost to cancel one another. In order 

to make use of this fact we write the expression 


SIDE 5 
Ds= === 


in the form 


Atma: B+ ot B+ ging 
Dap=f{ *dz—f at fe, 
‘A x B x A+n ¢ 


introduce in the last of the three integrals on the right the new 


- variable x = ¢ — 7, whence sint = —sing, and obtain 
oe B+ sing B sing 

Diz = —— dx a da, 

ae =I, = . =), e--+ aT : 

Addition of this to the - expression for D4, gives us 
+ Btw Bow 
2D an =[" sing 7 ne ae + sint an 
"Sa x(x + 7) 


From this it follows, if we assume that B > A > 0, that 
Qa Bdz 
| 2D | <S+ef = 


for we may use the method of p. 127, observing that 


Sa Se ee = 
and a a 


for positive values of z. The integral on the right is conver- 


gent, by our criterion, and our formula shows that | Daz |—> 0 
as A and B both tend to infinity. Now 


| Dos — Doa | =| Daal, 


and it follows from Cauchy’s convergence test that Dy, tends 
to a definite limit as B— o. | In other words, the integral J 
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exists. Another proof of this is given in the Appendix to Chap. 
VIII (p. 418), and on p. 450 we shall further show that I has the 
value 7/2. 


6. Substitution. 


It is obvious that all rules for the substitution of new variables, 
é&c., remain valid for convergent improper integrals. As an 


example, in order to calculate | «e-*"dx we introduce the new 
variable u = 22 and obtain ~° 


Srl Fei nak Ti. ol 
ff 2 5° 7) Peeey e“) 


Another example of the use of substitution in the investigation 
of improper integrals is given by the Fresnel integrals, which 
occur in the theory of diffraction of light: 


F, = [sin (2?) dz, F, = [cos (a) da. 


The substitution 2? = u yields 


Integrating by parts, we have 


eS wees OE oe 1 a 

‘A a/u VA VB Wa, PR” 

As A and B tend to © the first two terms on the right tend to 
0, and by the criterion of p. 250 the integral also tends to 0. 
Hence by the same argument as for the Dirichlet integral we see 
that the integral F, converges. The convergence of the integral 
F, is proved in exactly the same way. 

These Fresnel integrals show that an improper integral may 
exist even although the integrand does not tend to zero as z—> 0, 
In fact, an improper integral can exist even when the integrand 
is unbounded, as is shown by the example 


ip . 2u cos (u*) du. 


4 
When u4 = nz, ie. when u= Vnz, n= 0, 1, 2,..., the in- 
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tegrand becomes 2V nm cos nt = +2V nz, so that the integrand 
is unbounded. By the substitution u? = 2, however, the integral 


is reduced to 
ft cos (x?) da, 
0 


which we have just shown to be convergent. 

By means of a substitution an improper integral may often 
be transformed into @ proper one. For example, the transfor- 
mation z= sinu gives 


1 dz 1/2 a. 

i du = ag 

0 4/(1 — 2?) J, . 2 
On the other hand, integrals of continuous functions may be 
transformed into improper integrals; this occurs if the trans- 


formation u = ¢(z) is such that at the end of the interval of 
integration the derivative ¢’(x) vanishes, so that dz/du is infinite. 


ExaMpizs 


Test the convergence of the improper integrals in Ex. 1-11: 


3 dx 1 dz o de 
1. aici 2. 3. ——— 
I Lave ies 


6G is = 6. [" 1a 


‘Poo Se 
V (a — ay) ("2 — ar — 3) (a — a) 
all different and lie between A and B. 


» Where 44, Gy Az, a, are 


oo) ao 
4, £ arc Lark dic: 8. are tanz de: 
o ite hp 1—a 
wo a re) x ar {2 
9. a 3%. 10. [ zo 11. 7 log tanz de, 


fee] 
12.* Prove that f sin? [x (« + )] dz does not exist. 
0 


13.* Prove that lim ft _ = 
1+ kel? 


k— > @ 


14. For what values of 8 is @y 


-, de, (0) a Ot ae conver- 
gent? 


15.* Does | at dt converge? 
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16.* (a) If a is a fixed positive number, prove that 


lim ie oP og Te. 
a >oJ_gh? + 2 
(6) If f(x) is continuous in the interval —1 <2 <1, prove that 


lim a dz 0 
Jin [eel = nf(0). 


MIscELLANEOUS EXAMPLES 
Evaluate the integrals in Ex. 1-7; 


1. earcsin x Ja 


2. yi sin®x cos*z dz. (By a shorter method than that of the text, 
using trigonometrical identities.) 


sina dx — 
3. f{dogzy dx. 4, {2s aaaae 5. fv 1l—e* dz, 
+1 Pree 2) . ] 
6. we—x' tan* x dy, 7. ip - sin (« _ *) dz. 
~1 Ps zz x. 


8.* Prove that lim e~* foea= 0. 
rp a 0 
9. Assuming that | «| + | 6|, prove that 


T 
lim =f sin ax sin Bx dz = 0, 
rol Jo 


1 
10. Evaluate f awe cos 2x da. 
-1 


11." Prove that the substitution z= % + 4 where «3 — yf + 0, 
transforms the integral e+ 


dz | 
———— 
Vax + ba + ca®?+ dz+e 
into an integral of similar type; and that if the biquadratio 
az’ + 62% 4+. ca* + dx +e 


has no repeated factors, neither has the new biquadratic in ¢ which takes 
its place. 
Prove that the same statements are true for 


[Re Vax + ba? + ca® + da + e)dz, 


where £ is a rational function. 
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2 aot ee | 1 ag 
12. Find the limit:se' e+ of ag Sg et ge 
13.* Find the limit of 


1 L 
1 1 os 


a A 
Ve —0 Vri—-1 VntF—4 Vv nt — (n — 1)3 
a 
14.* Prove that lim ,/™ = 1, 
no nv @ 


15.* If « ig any real number greater than —1, evaluate 


lim 1+ + 20 + 3 Hee tM 


a> noth 


Appendix to Chapter IV 


Tus Seconp Mean VALUE THEOREM OF THE INTEGRAL 
CaLcuLus 


The method of integration by parts affords us an easy method 
for proving an important theorem on the estimation of integrals, 
usually called the second mean value theorem of the integral 
calculus. 

Let us suppose that the function ¢(z) is monotonic and con- 
tinuous in the interval a S a7 <6}, and that the derivative ¢'(z) 
is continuous; and let us further suppose that f(z) is an arbitrary 
function continuous in the same interval. Then the second mean 
value theorem of the integral calculus is expressed as follows. 
There exists a number €, such that aS € <b, for which 


b & b 
Lf @)$(a) de = $a) f flayde + $00) f f(@)de. 


To prove this we notice first that we can assume that 
¢(b) = 0; for replacing ¢(x) by ¢(x) — ¢(b) changes both sides 
of the equation by the same amount, and gives us a function 
which vanishes at x=06. Moreover, we can assume that 
¢(a) > 0; for if (a) <0 we need only replace ¢{x) by —¢(z), 
which changes the sign of both sides of the equation. (The case 
(a) = 0 is trivial; for if both 4(a) and (6) vanish, ¢(x) must be 
identically zero, and our equation becomes 0 = 0.) We therefore 
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need only prove that if d(x) is continuous and monotonic de- 
creasing, and ¢(b) = 0, then 


e t 
[fe g(erdn = $a) f fede, 


We now put F(x) = ie Sf(z)dx and apply the formula for 
integration by parts to the left-hand side of the last equation; 
we then have 


[iegede=Feoge| + [Pe {separ 


The integrated part vanishes, since F(a) and 4(b) are zero. The 
expression —¢'(x) is everywhere positive, so that we can apply 
the first mean value theorem of the integral calculus. We thus 
find that the integral on the right has the value 


b 
F(Qf {-$'@)}dz, aSeSd. 


But 
F(j=ffla)de ond f{—$ (a)}de= $(e) — $®) = $a 


and our theorem is established. 

This theorem can be extended (although we shall not carry 
out the proof) to more general classes of functions. For the theorem 
remains true for all continuous monotonic functions ¢(xz), whether 
they have derivatives or not. In fact, it is true for any discon- 
tinuous monotonic function for which we are in a position to 


integrate f(x) ¢(z). 


CHAPTER V 


Applications 


In this chapter, after disposing of a few preliminaries, we 
shail illustrate how what we have now learned may be applied 
in a great variety of ways in geometry and physics. 


1, REPRESENTATION OF CURVES 


1. Parametric Representation. 


As we saw in Chap. I (p. 17), in representing a curve by means 
of an equation y= f(x) we must always restrict ourselves to a 
single-valued branch. Hence it is often more convenient—when 
we are dealing with a closed curve, in particular—to introduce 
other analytical methods of representation. The most general 
and at the same time the most useful representation of a curve 
is parametric representation. Instead of considering one of the 
rectangular co-ordinates as a function of the other, we think of 
both the co-ordinates x and y as functions of a third independent 
variable, a so-called parameter; the point with the co-ordinates 
x and y then describes the curve as ¢ traverses a definite interval. 
Such parametric representations have already been encountered. 
For example, for the circle 2? + y? = a? we obtain a parametric 
representation in the form z= acost, y=asint. Here, as we 
already know, ¢ has the geometrical meaning of an angle at the 
centre of the circle. For the ellipse 22/a? + y?/b? = 1 we like- 
wise have the parametric representation «= a cost, y = 6 sint, 
where ¢ is the so-called eccentric angle, that is, the angle at 
the centre corresponding to the point of the circumscribed circle 
lying vertically above or below the point P(a cost, bsint) of 
the ellipse (fig. 1). In both these cases the point with the co- 
ordinates z, y describes the complete circle or ellipse as the 


parameter ¢ traverses the interval from 0 to 27. 
258 
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In general, we can seek to represent a curve parametrically 
by taking 
c= $(t)= 2), y= 40 = 9, 


that is, by considering two functions of a parameter ¢; the shorter 
notation z(t) and y(¢) will henceforth be used where there is no 
danger of confusion. For a given curve these two functions 
#(t) and (t) must be determined in such a way that the totality 
of pairs of functional values «(t) and y(t) corresponding to a given 
interval of values of ¢ gives all the points on the curve and no 
points that are not on the curve. If a curve is in the first 
instance given in the form 

y= f(x), we can arrive at a ¥ 
representation of this kind by 
first writing «= ¢(t), where 
¢(t) is any continuous mono- 
tonic function which in a 
definite interval passes exactly 
once through each of the values 
of x in question; it then follows 
that y= f{¢(t)}, that is, the 
second function s(t) is deter- 
mined by compounding f and ¢. 
We thus see that owing to the 
arbitrariness in the choice of the function ¢ we have a great 
deal of freedom in representing a given curve parametrically; 
in particular, we may actually take t= 2 and may thus think 
of the original representation y= f(x) as a parametric repre- 
sentation with the parameter ¢ = 2. 


Fig. 1 


The advantage of the parametric representation is that this arbitrari- 
ness may be utilized for purposes of simplification. For example, we repre- 
sent the curve y= 4/z* by taking z= #, y= #, 80 that 9(t) = #, 
Y(t) = #. The point with the co-ordinates 2, y will then describe the whole 
curve (semicubical parabola) as ¢ varies from — © to +00, 


If, on the other hand, a curve is originally given by a para- 
metric representation «= ¢(t), y= ¢(é), and we wish to obtain 
the equation of the curve in non-parametric form, that is, in the 
form y = f(x), we have only to eliminate the parameter ¢ from 
the two equations. In the case of the parametric representations 
of the circle and ellipse given above we can do this at once bv 
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squaring and using the equation sin?é -+ cos*¢ = 1. (For a further 
example see below.) In general, we should have to find an expres- 
sion for ¢ from the equation x = ¢(é) by means of the inverse 
function t= (x) and substitute this in y = x(t), in order to 
obtain the representation * y = £{D(x)} = f(z). In such an 
elimination, of course, we must ordinarily restrict ourselves to 
a portion of the curve; in fact, to a portion which is not cut 
twice by any line parallel to the y-axis. 

The parametric representation has associated with it a de- 
finite sense in which the curve is described, corresponding to the 
direction in which the values of the parameter increase; this 
direction we shall call the positive sense. If, for example, the 
point «= a(t), y= y(t) describes a curve C as ¢ traverses an 
interval tS ¢<¢, and the end-points P, and P, of the curve 
correspond respectively to ¢) and ¢,, then the curve is traversed 
positively in the direction from P, to P,. If we introduce r = —t 
as a new parameter, the curve C will correspond to the values 
—t, S7rS—+t, of the variable 7, and the points P, and P, 
will correspond to r= —i, and r= —+, respectively. If we 
now traverse the curve from P, to P, we proceed in the direction 
in which the values of the parameter 7 decrease, that is, in the 
negative sense. In general, a change of parameter t = ¢(7) pre- 
serves the sense in which the curve is described if the function 
t(r) is monotonic increasing, but reverses it if the function ¢7) 
is monotonic decreasing. 


2. Interpretation of the Parameter. Change of Parameter. 


In many cases we can give an immediate physical interpre- 
tation to the parameter ¢, namely, time. Any motion of a point 
in the plane may be expressed mathematically by the fact that 
the co-ordinates x and y appear as functions of the time. These 
two functions therefore determine the motion along a path or 
trajectory in parametric form. 


As an example of this we have the cycloids which arise when a circle 
colls along a straight line or another circle. Here we limit ourselves to 
the simplest case, in which a circle of radius a rolls along the x-axis, and 


* It may happen, however, that the equation y = f(x) obtained in this way 
represents more than the original parametric representation. Thus for example 
the equations z = a sint, y = bsint represent only the finite portion of the 
line y = ba/a lying between the points z= —a,y = —b and z=a,y= 6, 
whereas the equation y = bz/a represents the whole of the line. 
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we consider a point on its circumference. This point then describes a 
“common” eycloid. If we choose the origin of the co-ordinate system 
and the initial time in such a way that for time t= 0 the corresponding 
point of the curve coincides with the origin, we obtain (cf. fig. 2) the 
parametric representation 


z=a(t—sint), y= a(1— cost) 


for the cycloid; here ¢ denotes the angle through which the circle has 
turned from its original position; in the case where the velocity of 
rolling is uniform it is proportional to the time. 


y 


Fig. 2.—Cycloid 
By eliminating the parameter ¢ we can obtain the equation of the curve 
in non-parametric form, at the cost, however, of neatness of expression. 
We have 


— _ resis 3 
cost = *—¥, ¢= arocos*—4, sint= +a/{1— oe", 
a a a 


and hence 
a 


Y= V{(2a—y)y}, 


x= a arc cos 
a 


thus obtaining z as a function of y. 


In the parametric representation of a given curve we have a 
great deal of freedom in the choice of parameter (p. 259). For 
example, instead of the time ¢ we could take the quantity 
7 = @ as parameter, or indeed any arbitrary quantity + which 
is related to the original parameter ¢ by an arbitrary equation 
of the form 7 = w(t), where we assume that for the whole interval 
of values of ¢ considered this function has a unique inverse t = x(r). 
Tf increasing values of 7 correspond to increasing values of ¢, 
the positive sense of description remains the same; otherwise 
it is reversed. 

Parametric representation is, of course, not limited to rect- 
' angular co-ordinates, e.g. it can just as well be used with the 
polar co-ordinates r and 8, which are connected with the rect- 
angular co-ordinates by the well-known equations z= r cos6, 
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y=rsin O, or r=4/(2? + y’), sin d= y/r, cos? = x/r; the equations 
of the curve would then be r = r(t), 6 = O(E). 


As an example, the straight line may be represented parametrically 
(see fig. 3) in the form 


r= ‘a 8=a+t 
cost 


(p and « being constants), from which we 
immediately obtain the equation of the 
line in polar co-ordinates, 


a ptered nem 
cos(0 — a)’ 


Fig. 3 by eliminating the parameter t. 


3. The Derivatives for a Curve Represented Parametrically. 


If on the one hand a curve is given by an equation y = f(z), 
and on the other hand it is given parametrically by 2 = 2(2), 
y= y(t), then we must have y(t)=f{x(t)}. By the chain 
rule for differentiation it follows that 


dy _ dy dx 
dt dxdt 
,_ dy _y 
or aa 


where as an abbreviation for differentiation with respect to the 
parameter ¢ we use a dot over the variable (Newton’s notation), 
instead of the dash ’; the latter we shall reserve for differen- 
tiation with respect to 2. 


For the cycloid, for example, we have 
@ == a(1 — cost) = 2a sin? <, 


g=asint= 2a sin * 008 =. 


These formule show that the cycloid has a cusp with a vertical tangent 
at the points i= 0, +2n, +4n,...at which it meets the z-axis, for on 
approaching these points the derivative y’ = ¥/% = cot(t/2) becomes 
infinite. At these points y is equal to 0; everywhere else y > 0. 
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The equation of the tangent to the curve is 
(§— z)y¥ —(n— y)¢=0, 


where ¢ and 7 are the “current” co-ordinates, that is, the 
variable co-ordinates corresponding to an arbitrary point on the 
tangent. For the equation of the normal, i.e. the straight line 
through a point of the curve perpendicular to the tangent at 
that point, we likewise obtain 


(§—2)é+ (n— y)y=0. 


The direction cosines of the tangent, that is, the cosines of the 
angles a, 8 which the tangent makes with the z and y axes 
respectively, are given by the expressions 


cosa == peas, cos B = Pee Den 
tVe@+ ¥) tVe+ 9) 


as we may verify by elementary methods. The corresponding 
direction cosines of the normal are given by 


cosa’ = cas: eae cosp’ = —_* __, 
+V@# + ¥) kV + ¥) 
(See fig. 4.) 


These formule show us that at every point at which ¢ and ¥ 
are continuous and ¢-+ 42-0 the direction of the tangent 
varies continuously with ¢. This is 
the most important case for us; it 
is interesting, however, to illustrate 
by examples the various possibilities 
that arise when our assumptions are 
not fulfilled and we cannot state 
directly that the tangent keeps on 
turning continuously. At a point at 
which ¢= y= 0 the tangent may 
or may not turn continuously. 
As one example we have the curve oO ; = 
z=, y= 2 discussed on pp. 99, P# £2-Diestion cosines of the 
259, which has a cusp at the origin 
even though ¢ and y are continuous everywhere. As 
another example we consider the curve z= @, y= @, which is 
the straight line y= 2. This curve has the same tangent direc- 


¥ 
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tion everywhere; the latter is therefore continuous, although 
the derivatives ¢ and ¥ both vanish for t= 0. Moreover, at a 
point at which # and ¥ are discontinuous the direction of the 
tangent may or may not be continuous. For let (tf) be any 
continuous monotonic increasing function, defined for t; StS ty, 
which has a sharp corner at t= t;, 4;<ts<t,. Then the curve 
x= t, y= ¢(t), which is the same curve as y = ¢(z), has a sharp 
corner at z= t,; while the curve = ¢(t), y= ¢(é), which is a 
segment of the straight line y= =, has a constant tangent direction, 
even though the derivatives @ and # do not exist att = t,. This 
indicates that if we wish to investigate the behaviour of the 
tangent at a point where our theorem does not apply, we should 
first use the formule to find cosa or cosf as functions of ¢ and 
then investigate these direction cosines themselves. 

From a well-known formula in trigonometry or analytical 
geometry we find that the angle between the two curves repre- 
sented parametrically by z= 2,(t), y= 4%(t) and x= 2,(i), 
y = y2(t) respectively (that is, the angle between their tangents 
or normals) is given by the expression 


thy af Yo : 
+ VP + Hy?) V (es? + 9") 


The indeterminacy of the signs of the square roots in the 
last few formule suggests that the angles are not completely 
determined, since we can still specify either sense of direction on 
the tangent or normal as “ positive”. Taking the square root 
a8 positive, as is usually done, corresponds to choosing for the 
positive direction on the tangent the direction in which the 
parameter increases, and for the positive direction on the normal 
the direction obtained by rotating the tangent through an angle 
7/2 in the positive * sense. 


cos$ = 


The second derivative y’’ = oe i is obtained in the following 


way by means of the chain rule and the rule for differentiating 
a quotient: 


pe a= 5(8)5= set 
y dt z 


* Le. in the counter-clockwise sense. 
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whence 
| @ stirs Das 
y’= Y __ TY — Y% 


da? rid 


4. Change of Axes for Curves Represented Parametrically. 


If we rotate the axes through an angle a in the positive direc- 
tion, the new rectangular co-ordinates £, n and the old ones 
w, y are related by the equations 


x= €cosa—ysina, £=2cosa-+ ysina, 
y= €sina+ cosa, 7 = —xrsina-+ y cosa, 


Thus the new co-ordinates € and 7 are specified along with z and 
y as functions of the parameter ¢t. By differentiation we at once 
obtain 

&= écosa— ysina, ¢=¢cosa+ #sina, 

y= ésina+ yceosa, n= —ésina+ ¥ cosa. 


Let us suppose that the curve is given in polar co-ordinates 
and that both polar co-ordinates and rectangular co-ordinates 
are given as functions of a parameter t. Then by differentiation 
with respect to ¢ we obtain from the equations z= rcos6, 
y=rsin@ the formule 


ap etme ie oe e (3) 


y= fF sind + rcosé. 6, 
which are frequently used in passing from rectangular co-or- 
dinates to polar. As an example we consider the polar equation 
of a curve, r = f(8), which might, for example, arise from a para- 
metric representation r= r(t), 6 = O(t) by elimination of the 
parameter t. The angle y between the radius vector to a point 
on the curve and the tangent to the curve at that point is 
then given by 
f(9) 
tangy = ——. 
Y= FO) 
We can convince ourselves of this in the following way. If we 
think of the curve as given by an equation y = F(x) and use 0 
as parameter, so that 6 = 1 and *# = f’(0), we have 
y _ftand+r 


eas aw ear 
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(cf. fig. 5 and equations (a) above). In addition, 4 = a— 8, 
and hence 


= 
This formula can also be established by geometrical methods. 


5. General Remarks. 


In discussing given curves we sometimes consider properties 
which do not assert anything about the form of the curve 
itself, but merely something about the position of the curve 
with respect to the co-ordinate system; for example, the occur- 
rence of a horizontal tangent, expressed by the equation ¥ = 0, 
or the occurrence of a vertical tangent, expressed by ¢ = 0. 
Such properties do not persist when the axes are rotated. 

In contrast to this, a point of inflection will still be a point 
of inflection after the axes have been rotated. According to the 
formula on p. 265 the condition for a point of inflection is 


dij — dy = 0. 


If on the left we replace the expressions 2, 7, #, 7 by their values 
in terms of the new co-ordinates &, y, we readily obtain 


ay — ty = én — én. 
Hence from the equation #7 — dy = 0 it follows that én7— #7 = 0, 
so that our equation expresses a property of the point of the 
curve which is independent of the co-ordinate system. 
We shall often see later that properties which are truly 


geometrical are expressed by formule which are unaltered in 
form by rotation of the axes. 
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EXAMPLES 
1. Find the equation, in non-parametric form, of the curve 
x = aco0s20 cos6 
y = acos20 sin8. 

2. A circle c, of radius r, rolls on the outside of a, fixed circle C of radius 
R, The point P on the circumference of ¢ moves with ¢, and describes a 
curve called the epicycloid. Find the parametric representation of the 
epicycloid (consider ¢ to rotate with constant velocity, and measure time 
so that at t= 0 the point P is in contact with the circle C). 

3, Sketch the epicycloid for the special case r= R, and find its para- 
metric equations. (This particular epicycloid is called the cardioid.) 

4. If in Ex. 2 the radius r is less than R and c rolls inside C, the point 
P describes a hypocycloid. Find its parametric equations. 

5. Sketch the hypocycloid (1) for R = 2r, (2) for R = 8r. 

6. Sketch the hypocycloid for R = 4r (the astroid) and find its non- 
parametric equation. 

7. Find the parametric equations for the curve 2° 4- y? = 8azxy (the 
folium of Descartes), choosing as parameter ¢ the tangent of the angle 
between the x-axis and the radius vector from the origin to the point 
(x, y). 

8. Find the formula for the angle « between two curves r = f(0) and 

= 9(6) in polar co-ordinates, 

9. Find the equation of the curves which everywhere intersect the 
straight lines through the origin at the same angle «. 

10. Let C be a fixed curve and P a fixed point with co-ordinates 2, Yo. 
The pedal curve of O with respect to P is defined to be the locus of the foot, 
of the perpendicular from P on the tangent to C. Find the parametric 
representation of the pedal of C if C is itself given parametrically by 
x= f(t), y = g(t). 

11. Find the pedal curve of the circle C, (a) with respect to its centre UM, 
(5) with respect to a point P on its circumference. 


12. Find the pedal curve of the ellipse x = a cos8, y= bsin® with 
respect to the origin. 


2. APPLICATIONS TO THE THEORY oF Prane Curves 


We shall consider two different kinds of geometrical proper- 
ties or quantities associated with curves. The first type consists 
of properties or quantities which depend only on the behaviour 
of the curve in the small, i.e. in the immediate neighbourhood of 
a point, and which can be expressed analytically by means of the 
derivative at the point. Properties of the second type depend on 
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the whole course of the curve or of a portion of the curve, and are 
expressed analytically by means of the concept of integral. We 
shall begin by considering properties of the second type. 


1. Orientation of Areas. 

The idea of area was our starting-point for the definition of 
the integral; but the connexion between definite integral and 
area is still somewhat incomplete. The areas with which we are 
concerned in geometry are bounded by given closed curves; on 


the other hand, the area measured by the integral f I (2) dz is 


bounded only in part by the given curve y = f(z), the ‘rest of the 
boundary consisting of lines which depend on the choice of the 
co-ordinate system. If we wished to determine the area interior 
to a closed curve, such as a circle or ellipse, by means of integrals 
of this type, we should have to use some such device as breaking 
up the area into several parts, each of which is bounded by a 
single-valued branch of the curve and also by the z-axis and the 
corresponding ordinates. 

For the discussion of this general case it is convenient first 
to make some remarks on the determination of the sign of the 
area considered. For any surface bounded by an arbitrary 
closed curve which does not intersect itself, we can relate the 
sign of the area to the purely geometrical idea of the sense in 
which the curve is described, according to the following con- 
vention. We say that the boundary of a region is described in 
the positive sense if we go round the boundary in such a direction 
that the interior of the region is on the left;* the opposite sense 
we call negative. If then we consider a region whose boundary 
is traversed in an assigned sense, a so-called oriented region, we 
reckon the area as positive if this sense is positive, and negative 
if this sense is negative (cf. fig. 6). 

Suppose, in particular, that in the interval aS x= b the 
function f(x) is everywhere positive. We consider the closed 
curve obtained by starting at the point c= b=, y= 0, 
traversing the z-axis back to the point x = a= 2%, y = 0, then 

* If we wish to avoid the words “right” and “ left’ in such a context, 
we say that the triangle, whose vertices in order are the origin, the point z = 1, 
y = 0, and the point z = 0, y = 1, is described in the positive sense if the 
vertices are passed in the order mentioned. For every other region, we say 


that the boundary is positively described if it is described in the same sense 
as this triangle; otherwise it is negatively described. 
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proceeding along the ordinate to the curve y = f(z), then along 
this curve to the ordinate x = 6, and finally along this ordinate 
to the z-axis (cf. fig. 7). The absolute value of the area interior 
to this curve—the number of square units contained in it—is, 


b 
as we know, f f(«)de. Hence, denoting by 4g, the area with 


its sign as determined above, the integral gives us the value A,, 
except for sign. To determine the sign we need only observe 


¥ 


ze 


= Xo Ly x 
Fig. 6.—A positive area Fig. 7 


that the boundary of the region is traversed in the negative 
sense, so that Ag, is negative; hence we have 


4y =— Jf @)ae. 
Similarly, if a > 6, we find that according to our convention 
Ag, is positive, while the integral iD "F(a) de is negative; hence 
in either case Ag, is given by the above equation. 


2. The General Formula for the Area as an Integral. 

After these preliminaries, the difficulties mentioned at the 
beginning can now be avoided in a simple way by representing 
our curve parametrically. If we introduce ¢ formally as a new 
independent variable in the above integral, writing x= a(t), 
y = y(t) =f{x()}, we have 

t 
4g = —f yea, 
where f, and ¢, are the values of the parameter corresponding to 


the abscisse % =a and 2, = b respectively. Here we suppose 
that the branch in question of the curve y = f(z) is related to 
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an interval tf) St <t, by a(1, 1) correspondence,* that f(x) is 
everywhere positive, and that ¢(¢) never vanishes in this interval. 
As we have seen, our expression then gives us the area of the 
region bounded by the curve, the lines =a and «= b, and 
the z-axis. It is, of course, still subject to the disadvantages 
mentioned above. We shall now show that if the curve s= 
x(t), y= y(t), 4 StS, isa closed curve bounding a region 
of area Ay, the area Ay, is given by an integral which in form 
is exactly the same as the preceding. 

Let us then consider a closed curve which is represented para- 
metrically by the equations z= z(t), y= y(t), the curve being 


y 


B A B A 
Fig. 8.—Area of a closed curve 


described just once as ¢ describes the interval 4, S ¢ S k. 
In order that the curve may be closed it is essential that 
X(ty) = w(t.) and y(t) = y(t). We shall assume that the deri- 
vatives are continuous except for a finite number of jump-dis- 
continuities at most, and that 27+ y¥? is different from zero 
except perhaps at a finite number of pomts which may be 
corners ¢ of the curve. 

We shall first consider a closed curve which has no corners 
and is convex and of such a type that no straight line intersects 
it in more than two points. We denote by P, and P, the points 
at which the curve possesses a vertical tangent; these tangents 
are said to be “lines of support” at P, and P, respectively, 
because the points of the curve in the neighbourhood of P, and 
P, lie entirely on one side of the line. We can then (cf. fig. 8) 

* Le. is such that every point of it corresponds to a single value of ¢ in the 
interval t;3¢ S$ ¢,, and conversely. 

+ A continuous curve z = z(t), y = y(é) is said to have a corner att = 2, if 
the positive direction of the tangent approaches a limit as (t — t)) > 0 through 


positive values, and approaches a limit as (¢ — t ) > 0 through negative values, 
but the two limits are not the same. 
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regard the area bounded by the curve as the sum of the area Aj, 
bounded by the closed curve P,MP,ABP,, formed as in the pre- 
ceding section, and the area A,, bounded by the closed curve 
P,NP,BAP,. Here we assume that the curve is described in 
the positive sense, as in the figure; by our sign convention Aj, 
is then positive and A,, negative. We suppose that the point 
x(t), y(t) describes the upper part of the curve from P, to P, as 
t goes from f, to r, and the lower part from P, to P, as ¢ goes from 
7 tot, We then immediately obtain 


4y=—f "y(Qa(Qyde 


fy 
and Ay = — if y(t) & (t) de; 
hence, for the total area bounded by the convex curve, we have 
ty 
A= =f y (t)a(t) de. 


If we denote by “ absolute area ” of a region the number of 
Square units contained in it—which is, of course, never negative 
—then the above expression always gives us the absolute area 
bounded by the curve, except perhaps for sign. In order to see 
what happens when we reverse the sense in which the curve is 
described, we simply take the same integral from ¢, to fy instead 
of from t) to 4; our integral becomes 


_ f i yt dr, 


which is equal to —A. We thus recognize the truth of the follow- 
ing statement: 

The area represented by our formula is positive or negative, 
according as the sense in which the boundary is described és positive 
or negative.* 


* In drawing the figure we have assumed that y > 0 for all points of the 
curve. This really does not restrict the generality of the result. For if we dis- 
place the curve through a distance a parallel to the y-axis, without rotating it, 
in other words, replace y by y + a, the area is unchanged; the value of the 
integral is likewise unaltered, for the above integral is replaced by 


t, “ 
-— [w+ aiwas 
te 
and since the curve is closed 


[owe = a{x(t) — 2(%)} = 0 
by 
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Two simple observations enable us to extend our results. 
Firstly, our formula remains valid for closed curves which do 
not intersect themselves, even when they are not convex, but 
have a more general form as illustrated in fig. 9. Secondly, 
the derivatives may have jump discontinuities or may hoth 
vanish at a finite number of points, which may represent 
corners; according to Chap. IV, § 8, p. 245, the function y¢ 
remains integrable. (The ordinate to a corner-point is considered 
to be a line of support if the curve in the neighbourhood of the 
point lies entirely to one side of the ordinate). We assume that 
the curve has only a finite number of lines of support, corre- 
sponding to the points P,, P,,..., P,, and we subdivide the 


Fig. 9 


curve into the single-valued branches P,P,,..., PrsPn, PrP. 
Then as in fig. 9 we obtain the area bounded by the curve 
in the form A= A,y.+ 493+... + Anant Any. (See 
fig. 9, which illustrates this for the case m= 6.) If we express 
each of these portions of area parametrically and combine 
the expressions into a single integral, we find that the area 
bounded by the curve is given by the expression 


= A "yt dt, 


which as before has the same sign as the sense in which the 
boundary curve is traversed. 


Our formula even gives us the area, in a certain sense, in the case where 
the curve intersects itself. But we shall not enter into such a discussion 
here; the reader may if he wishes turn to § 2 of the appendix to this chapter 
(p- 311). 
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We can express our formula for the area in a more elegant 
symunetrical form if we first transform the integral by integration 
by parts: 


['va=—f'aata 


Since the curve is closed, 


Z(t)= a(t), yo) = yh), 


A=—f'ysde=f aya 


If we form the arithmetic mean of the two expressions we obtain 
the symmetrical form 


Lf). ! 
A=— 5 [ys— apa 


ty 
te 


and therefore * 


3. Remarks and an Example. 


In connexion with these expressions we must make a remark 
of a fundamental nature. Both the proof and the statement 
of the formule depend on a particular system of rectangular 
co-ordinates. But the value of the area, a purely geometrical 
quantity, cannot depend on the particular co-ordinate system 
chosen. It is therefore important to show that our integrals are 
unaltered in value by a change of co-ordinates. . 

If the axes are merely displaced without rotation the integrals _ 
are Clearly unaltered (see the footnote on p. 271). Let us then 
suppose that the axes are rotated through an angle a; instead 
of x and y we now have new variables € and , defined by the 
equations = €cosa— 7sina, y= §sina + 7 Cosa, the new 
variables being also functions of the parameter ¢. If we recall 
that ¢= écosa— sina and y= ésina-+ cosa, a short 
calculation gives us yé — ay = né — £9, so that 


A=—5 [ue ande=—5 f'né— eae 


* Instead of finding the second expression for the area by integration by 
parts, we could have derived it by using the fact that as regards the definition 
of area the x-axis and the y-axis are interchangeable, except that the sense 
of rotation which brings the z-axis into the y-axis in the shortest way is 
opposite to the sense which brings the y-axis into the z-axis in the shortest 
way. 

10 (E798) 
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This equation expresses the fact that the area is independent 
of the co-ordinate system. 

Our integral expression for the area is also independent of 
the choice of parameter. For suppose that we introduce a new 
parameter + by the equation 7 = 7(); we have 


= ty dx dy eee ty dx W) & a 
oN gE ds LNG ae 


where 7, and 7, are the initial and final values of the new 
parameter, corresponding to the parametric values f) and t, 
respectively.* 


As an example of the application of our formula for the area we con- 
sider the ellipse y = 2 V (a® — z*), In order to find its area we take 
a 


the upper and lower halves of the ellipse separately and in this way 
express the area by the integral 


If, however, we use the parametric representation # = a cost, y = b sint, 
we find immediately that the area is given by the expression 


2a 
ab f sin? ¢ dt. 
0 
This can be integrated as on p. 215; it has the value abn. 


* In this section we have based the definition of the area on the concept of 
integral and have shown that this analytical definition has a truly geometrical 
character, since it yields a quantity independent of the co-ordinate system. 
It is, however, easy to give a direct geometrical definition of the area bounded 
by 8 closed curve which does not intersect itself, as follows: the area is the 
upper bound of the areas of all polygons lying interior to the curve. The proof 
that the two definitions are equivalent is quite simple, but will not be given 
here. 
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4, Areas in Polar Co-ordinates. 


For many purposes it is important to be able to calculate 
areas using polar co-ordinates. Let r= f(6) be the equation of 
a curve in polar co-ordinates. Let 4(6) be the area of the region 
which is bounded by the z-axis (that is, the line @ = 0), the line 
through the origin making an angle @ with the z-axis, and the 
portion of the curve between 
these two lines. Then 


A’(6) = $1. 


at 


For if we consider the radius 

vector corresponding to the 

angle @ and that correspond- 

ing to the angle 9+ A@, and | Le 
denote the smallest radius Fig. 10.—Element of area in polar co-ordinates 
vector in this angular interval 

(cf. fig. 10) by 79 and the greatest by 1,, the sector lying 
between the radius vector @ and the radius vector 9+ A@ 
will have an area AA which lies between the bounds $7,2A@ 
and 47r,2A@. Consequently 


1 AA 

3 gfe = AO =e 3 7? ’ 
and on passing to the limit as A@— 0, we obtain the relation 
given above. By the fundamental theorem of the integral cal- 
culus, the area of the sector between the polar angles a and B 
is then given by the expression 


5 ['r40. 


If B> a, this expression cannot be less than zero. Since we 
readily see that as 6 increases the point with co-ordinates (r, @) 
describes the boundary of the region in the positive sense, this 
is in agreement with our previous convention for sign. 


As an example, let us consider the area bounded by one loop of a lemnis- 
cate. The equation of the lemniscate (cf. Pe 78) is 7? == 2a? cos20, and 


we obtain one loop by letting 6 vary from — - j%° +3. This gives us the 


expression 
{4 

a*® : cos 20 d6 
—#/4 
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for the area. This can be integrated at once by introducing the new vari- 
able u = 20; we find the value of the integral to be a’. 


5. Length of a Curve. 


Another important geometrical concept associated with a 
curve leads to an integration. This is the length of arc. 

We shall first explain geometrically how we are led to a 
definition of the length of an arbitrary curve. The elementary 
process of measuring a length consists of comparing the length 
to be measured with rectilinear standards of length. The sim- 
plest method is to apply our standard length to the curve, with 
its ends on the curve, and count the number of times that we 
have to repeat the process in order to pass from the beginning to 
the end of the curve; we can refine the method as required by 
using smaller and smaller standards of length. By analogy with 
this elementary intuitive idea, we set up the definition of the 
length of a curve in the following manner. We suppose that our 
curve is given by the equations = a(t), y= y(!), a StS Pp. 
(This includes curves in the form y= f(x), since these can be 
written y= f(t), c=.) In the interval between a and B we 
choose points to = 4, ty, ta. - +> ln = B, in that order. The points 
on the curve corresponding to these values ¢, we join in order by 
line segments, thus obtaining part of a polygon inscribed in the 
curve; we now measure the perimeter of this polygon. This 
length will depend on the way in which the points ¢,, or, as we 
may also say, the vertices of the polygon, are chosen. We now 
let the number of the points ¢, increase beyond all bounds, in 
such a way that the length of the longest sub-interval in the 
interval a <t < f at the same time tends to 0; this makes the 
number of sides of our polygon increase without limit, while the 
length of the longest side tends to 0, The length of the curve 
is then defined to be the limit of the perimeters of these inscribed 
polygons, provided that such a limit does exist and is independent 
of the particular way in which the polygons are chosen. It is 
only when this assumption that the limit exists (assumption of 
rectifiability) is fulfilled that we can speak of the length of the 
curve. We shall soon see that very wide classes of curves can be 
proved to be rectifiable. 

To express the length analytically by an integral, in fact, we 
think of the curve as represented in the first instance by a function 
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y = f(z) with a continuous derivative y’. By the points a= ,, 
Ig) -.+,%_ == 6 we divide up the interval aSrv<b of the 
g-axis, over which our curve lies, into (nm — 1) sub-intervals of 
lengths Az,,..., Av,_,. In the curve we inscribe a polygon 
whose vertices lie vertically above these points. The total length 
of this inscribed polygon is given according to Pythagoras’ 
theorem (cf. fig. 11) by the expression 


n—1 ‘ _, | (3#)'| 
Eide + Ay) ="E al 1+ (2)"| de, 


But by the mean value theorem of the differential calculus the 
difference quotient Ay,/Ax, is equal to f’(€,), where €, is an 


Fig. 11.—Rectification of curves 


intermediate value in the interval Az,. If we now let m increase 
beyond all bounds and at the same time let the length of the 
longest sub-interval Ax, tend to zero, then by the definition of 
integral our expression will tend to the limit 


[vat y)ae, 


Since this passage to the limit always leads us to the same result, 
namely, the integral, no matter how the subdivision of the interval] 
is made, we have established the following theorem: 

Every curve y = i(x) for which the derwative f'(x) ts con- 
tinuous is a rectifiable curve, and its length between x= a and 
x = b (b = a) is given by the formula 


s(a, 6) = f V+ y)de. 
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If by s we denote the length of arc measured from an arbitrary 
fixed point to the point with abscissa x, the above equation 
gives us the following expression for the derivative of the length 
of arc with respect to 2: 


=vV7(1+y"). 


Our expression for the length of arc is still subject to the 
special and artificial assumption that the curve consists of one 
single-valued branch above the z-axis. Parametric represen- 
tation frees us from this restriction. If a curve of the kind which 
we have been considering is given in parametric form by the 
equations x = a(t), y = y(t), then by introducing the parameter 
t in the above expression we obtain the parametric form of the 
length of are 


(a, =f" Vie + yds 


where a and are the values of t which correspond respectively 
to the points of the curve z =a and # = 6, 

This parametric expression for the length of a curve has a 
considerable advantage over the previous form in that it is not 
restricted to single-valued branches of curves, represented by 
the equation y = f(x), but instead holds for any arbitrary arcs 
of curves, including closed curves, provided that the derivatives 
# and y are continuous along the arcs. 

We recognize this most easily if we go back again to the 
formula for the length of the inscribed polygon. We suppose 
that along the arc ¢ and ¥ are continuous. Asin the definition, 
we subdivide the interval aSt<BP by points tj=<a, 
t,...,t, = B, with the differences A‘, and use the corresponding 
points on the curve as vertices of an inscribed polygon; in the 
passage to the limit n-> oo we assume that the greatest difference 
At, tends to 0. If we now write the length of the polygon in the 


™ 2) (2) } 0, 


we see at once that this sum tends to the integral Ve J (a? + 9?) dt; 


we need only recall the generalized method of formation of an 


n 2 ef n 
Evihat + Oy.) ial {(F 
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integral (cf. p. 133). If the curve is composed of several arcs of 
this type, which may join one another at corners, the expression 
for the length of the curve is simply the sum of the corresponding 
integrals. Collecting the results, we have the following statement: 

Lf in the interval a<t < B the functions x(t) and y(t) are 
continuous and their derivatives x(t), y(t) are also continuous, 
except perhaps for a finite number of jump discontinuities, the 
are of x= x(t), y = y(t) has a length given by the expression 


[vert wa, 


where this integral, if necessary, is to be taken as an improper 
integral in the sense of Chap. IV (p. 245). In virtue of this for- 
mula, in which a must be less than £, there is a meaning in 
ascribing a negative length, given by the same formula, to an 
arc of a curve traversed in the direction in which the value of the 
parameter ¢ decreases. The sign of the length of arc therefore 
depends on the choice of the parameter. If we introduce a new 
parametric expression for the same curve which does not re- 
verse the sense of description, that is, if we introduce a new para- 
meter by the equation 7 = 7(¢), where dr/dt > 0, we see @ priori 
that our integral formula should give the same value no matter 
whether ¢ or 7 is used as parameter; for the two integrals give 
the length of the same curve and must therefore be equal. This, 
however, may also be verified directly, for 


[u@+ma= f./{(2) (2) + (2) G2 
- WIG) 


We now give the expression for the length of arc when the 
curve is expressed in polar co-ordinates. In the last expression 


we have only to substitute for ¢ and # their values as given in 
formula (a) on p. 265 in order to obtain 


BF py? = 72 4 7262, 
whence 


8 ; 
s(a, B)= f yi + 996%) de. 
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If we now change over from the parametric expression to the 
equation in the form r= (8), by introducing as parameter 
t = @ itself, so that @ = 1, we have the expression 


#(0, 6) = ff vee + 1) a8 


for the length of arc. 

A simple example of the explicit calculation of the length of an arc is 
given by the paratols y= 5a for its length of arc we immediately obtain 
the integral f Vv(l+ sade which with the substitution 2 = sinh u 
becomes 

ar sinhb 1 parsinhb ] arsinho 

f cosh? u du= aL (1-+- cosh2u) du=- (w+ sinhu coshu) F 
ar sinha ar sinha 2 ar sinha 
so that the length of arc of the parabola between the absciss~ w == a and 
z= b is given by the expression 
8(a, b) = ; {ar sinhb + 6 V(1 + 6%) — ar sinha — aV (1 + a@*)}. 
For the catenary y = coshz we find that 


b b 
a(a, = f V(1-+sinbt2)de— f coshede, or #(a, b)=sinhb— sinha. 
a a 


Finally, let it be noted that in many cases it is convenient 
to introduce as parameter the length of arc reckoned from some 
fixed point Py on the curve, that is, to take «= a(s) and 
y= y(s). Points of the curve on opposite sides of Py will cor- 
respond to values of s with opposite signs. In this case we have 


B+ y = (¢) = 1, 


whence by differentiation 
at + yy = 0; 
these two relations find frequent application. 


6. Curvature of a Curve. 


The area and the length of are of a curve depend on the 
complete course of the curve. We now insert a discus- 
sion of a concept which has reference only to the behaviour of 
a curve in the neighbourhood of a point, namely, the curvature. 
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If we think of the curve as described uniformly in the posi- 
tive sense, in such a way that equal lengths of arc are passed 
over in equal periods of time, the direction of the curve will 
vary at a definite rate, which we take as a measure of the curva- 
ture of the curve. If, therefore, we denote the angle between 
the positive direction of the tangent (p. 264) and the positive 
x-axis by a, and if we think of a as a function of the length of 
are s, we shall define the curvature & at the point corresponding 
to the length of arc s by the equation & = da/ds. We know that 
a = arc tany’, and hence by the chain rule 


da da. ds y” 1 


(where the positive sign of the square root means that increasing 
values of x correspond to increasing values of s). The curvature 
is consequently given by the expression 


“ay 


Using the parametric formule for y’ and y” we obtain the 
following simple expression for the curvature of a curve repre- 
sented parametrically: 

p= 0 98 
+ yy? 


which, of course, can also be found directly from the equation 


y 


& 
a = arc tan = = arc cot -. 


In contrast with the previous expression, which is dependent on 
the equation y= f(x) and consequently involves a special 
assumption about the position of the arc with respect to the 
x-axis, the parametric expression for the curvature holds for all 
arcs along which #, 7, ¢, and 7 are continuous functions of ¢ and 
2+ 92:0. In particular, it holds for points where = 0, 
i.e. where dy/dx becomes infinite. 
If we introduce the length of arc s as parameter and recall 
that 2+ 9%— 1 and #&-+ yj = 0, we have 
ee ee ers. ee, 
k= a yt = Ff e+yl)—$ ae 
10° (2798) 
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We thus obtain a particularly simple expression for the curva- 
ture. 

The sign of the curvature is changed if we reverse the sense 
of description of the curve, that is, if we replace the parameter 
t or s by the new parameter 7 = —t or g= —s. For then @ 
and y change sign, but not %, g, 2 or 7, as the following simple 
calculation shows: 


Soya F Z = we (0 


Farin} = £[-a{e@} = 4 o = (-4)(—1), 


(A similar calculation can be made for y.) In the case of the 


as . be y” : : 
xpression k aiys yi first found, this fact is concealed, 
since it is natural and customary to think of the curve as de- 
scribed from left to right, in which case the square root can only 
be positive. 

As an example we consider the curvature of a positively de- 
scribed circle with radius a. If we start from the parametric 
representation 2 = a cost, y==asint, we immediately obtain 


k=! 
a 

The curvature of a positively described circle is therefore the re- 
ctprocal of its radius. This result assures us that our definition 
of curvature is really a suitable one; for in the case of a circle 
we naturally think of the reciprocal of the radius as a measure 
of the curvature. 


Let us put p= : The quantity | p| = is generally called 


[| i 
the radius of curvature of the curve at the point in question. 
For a given point on the curve, that circle which touches 
the curve at the point and there has the same sense of descrip- 
tion and the same curvature as the curve, and, more- 
over, has its centre on the positive or negative side of the normal 
according as k is positive or negative, is called the circle of curva- 
ture corresponding to the point. Let us think of the equation 
of the circle (or an arc of the circle containing the point in ques- 
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tion) as written in the form y = g(x). Then at the point in ques- 
tion we have not only f(x) = g(x) and f’(x) = g' (2), as follows 
from the fact that the circle and curve touch, but i in virtue of 
the relation 


f!(@) g" (2) 


VitfoPp ~ Vit ey 
we also have 
Sf’ (@) =9" (2). 


The centre of the circle of curvature is called the centre of 
curvature corresponding to the given point. Its co-ordinates 
are expressed parametrically by 


Pe 2 s pt 
Po e— Tere 1 Tere 
To prove this we need only make use of the formule for the 
direction cosines of the normal, on which the centre of curvature 
lies at a distance 1/|k| =| | from the tangent. These for- 
mule give us an expression for the centre of curvature in terms 
of the parameter ¢. As ¢ describes its range the centre of curva- 
ture describes a curve, the so-called evolute of the given curve; 
and since, with 2 and y, we have to regard #, y, and p as known 
functions of t, the formule above give parametric equations 
for this evolute. 
For special examples the reader may be referred to § 3 (p. 287 
et seq.) and to the appendix (p. 307 e¢ seq.). 


7. Centre of Mass and Moment of a Curve. 


We now come to some applications which bring us into the 
realm of mechanics. We consider a system of particles lying 
in a plane. Let m,, m,..., m,, be the masses of these particles, 
and let 4, Yg-++Yn be their respective ordinates. We 
then call 


T= Em Yp = MYy + My Yo + 6+ MaYn 


the moment f the system of particles with respect to the z-axis. 
The expression 7 = 7/M, where M denotes the total mass 
m, + m_g+...-+m, of the system, gives us the height of the 
centre of mass of the system of particles above the z-axis. We 
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define the moment with respect to the y-axis and the abscissa of 
the centre of mass in a corresponding way. 

We shall now see that this idea can easily be extended to 
give us a definition of the moment of a curve along which a mass 
is uniformly distributed, and of the co-ordinates € and 7 of the 
centre of mass of such a curve. Merely for the sake of brevity 
we assume that the density has a constant value, say p, along 
the curve; any continuous distribution could equally well be 
discussed. 

To arrive at this extension we go back to the consideration 
of a system of a finite number of particles and then pass to the 
limit. For this purpose we suppose that the length of are s is 
introduced as a parameter on the curve, and that the curve is 
subdivided by (n— 1) points of division into arcs of lengths 
As,, Asy,..., As, The mass As, of each arc As, we represent 
as concentrated at an arbitrary point of the arc, say that with 
the ordinate y,. 

By definition the moment of this system of particles with 
respect to the a-axis has the value 


T= pry, As, 


If now the greatest of the quantities As, tends to 0, this sum 
tends to a definite limit given by the expression 


Tap fyd=pfyvi+ yd, 


which we shall therefore naturally accept as the definition of 
the moment of the curve with respect to the z-axis. Since the 
total mass of the curve is equal to its length multiplied by p, 


p [ d= u(6,— 5), 


we are immediately led to the following expressions for the co- 
ordinates of the centre of mass of the curve: 


[yas feds 
g=——, f== 


‘ F 
8; — 8 81 — 89 


These statements are actually definitions of the moment and 
centre of mass of a curve; but they are such straightforward 
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extensions of the simpler case of a number of particles that we 
naturally expect that—as is actually the case—any statement 
in mechanics which involves the centre of mass or the moment 
of a system of particles will be valid for curves also. In 
particular, the position of the centre of mass with respect to 
the curve is independent of the system of co-ordinates. 


8. Area and Volume of a Surface of Revolution. 


If we rotate the curve y=/f(z), for which f(z) => 0, about 
the x-axis, it describes a so-called surface of revolution. The area 
of this surface, whose abscisse we suppose to lie between 
the bounds a and 2, > 2%, can be obtained by a discussion 
analogous to the preceding. For if we replace the curve by an 
inscribed polygon, instead of the curved surface we shall have 
a figure composed of a number of thin truncated cones. Fol- 
lowing the suggestions of intuition, we define the area of the 
surface of revolution as the limit of the areas of these conical 
surfaces when the length of the longest side of the inscribed polygon 
tends to zero. We know from elementary geometry that the 
area of each truncated cone is equal to its slant height multiplied 
by the circumference of the circular section of mean radius. 
If we add these expressions and then carry out the passage to 
the limit, we obtain the expression 


ve anf yvil + y)de= an fy ds 


for the area. Expressed in words, this result states that the area 
of a surface of revolution is equal to the length of the curve 
generating it multiplied by the distance traversed by the centre 
of mass (Guldin’s rule). 

In the same way we find that the volume interior to the 
surface of revolution and bounded at the ends by the planes 
& = and z= a > a is given by the expression 


Va nf yd. 


This formula is obtained by following the suggestion of intuition 
that the volume in question is the limit of the volumes of 
the above-mentioned figures consisting of truncated cones. The 
rest of the proof is left to the reader. 
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9. Moment of Inertia. 

In the study of rotatory motion in mechanics an important 
part is played by certain quantities called moments of inertia. 
These expressions will be briefly mentioned here. 

We suppose that a particle m at a distance y from the v-axis 
rotates uniformly about that axis with angular velocity w (that 
is, in unit time it rotates through an angle w). The kinetic energy 
of the particle, expressed by half the product of the mass and 
the square of the velocity, is obviously 


™ 
ry (yw). 


We call the coefficient of 4w?, that is, the quantity my’, the 
moment of inertia of the particle about the x-axis. 

Similarly, if we have n particles with masses my, Ma, .. +, 1%n 
and ordinates ¥,, Ya, ..+» Yn we call the expression 


T = > mye 


s 

the moment of inertia of the system of masses about the z-axis. 
The moment of inertia is a quantity which belongs to the system 
of masses itself, without reference to its state of motion. Its 
importance lies in the fact that if the whole system is set in 
rigid rotation about an axis, without change of the distances 
between pairs of particles, the kinetic energy is obtained by multi- 
plying the moment of inertia about that axis by half the square 
of the angular velocity. Thus the moment of inertia about an 
axis plays the same part in rotation about an axis as is played 
by the mass in rectilinear motion. 

Suppose now that we have an arbitrary curve y = f(x) lying 
between the abscisse x and 7, (> 2), along which a mass is 
uniformly distributed with unit density. In order to define the 
moment of inertia of this curve we proceed just as we did in the 
sub-section 7 (p. 284); as before, we arrive at an expression 
for the moment of inertia about the z-axis, namely, 


T= ['yds= [yy + y%) dx. 


For the moment of inertia about the y-axis we have the corre 
sponding expression 


T,= [ads= fo ayl + y%de 
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3. EXAMPLES 


The theory of plane curves with its great variety of special 
forms and properties offers us a rich store of examples of 
these abstract concepts. But to avoid being lost in a mass of 
detail we must limit ourselves to a few typical applications. 


1. The Common Cycloid. 


From the equations (cf. p. 261) z = a(t — sint), y = a(1 — cost), we 
at once obtain = a(1 — cost), y = asint, whence the length of are is 


é= [ve + 7)dt= [Vea (1 — cost) }dé. 


But since 1 — cost = 2 sin?! the integrand is equal to 2a ain!, and hence 
for 0SaS2n 2 4 


et t 
a= tu [sin dt = —4a 008 5 


- ta(1 — cos £) = 8a sin*. 


If, in particular, we consider the length of arc between two successive 
cusps we must put a = 27, since the interval 0 St S 2r of values of the 
parameter corresponds to one revolution of the rolling circle. We thus 
obtain the value 8a; that is, the length of are of the cycloid between suc- 
cessive cusps is equal to four times the diameter of the rolling circle. 

Similarly, we calculate the area bounded by one arch of the oycloid 
and the x-axis: 


Qa 29 
r= [ yedt = a® f (1 — cost)? de 
0 0 


2r 
= at f (1 — 2 cost + cos??) dé 
0 


in 2¢\ |27 
ea ) = 3a*x. 
0 


=a (+— sine £4 I 


This area is therefore three times the area of the rolling circle. 
For the radius of curvature ep = 1/k we have 


2 42)3 /2 
9 = NY = —2a-V (2(1 — cost)} = —4a| ain! |; 
ty — ye 2 
at the points ¢= 0, t= +2nx,...this expression has the value zero. 


These are actually the cusps, where the cycloid meets the z-axis at right 
angles. 
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The area of the surface of revolution formed by rotating an arch of 
the cycloid about the z-axis is given according to our formula (p. 285) 


by 8a 2n t 
4=2n [ yds = 2n f a(l — cost). 2asin dt 
0 fy 


Qa t 7 
= gat f sin® - di = L6a?n f sin? u du 
0 2 0 


= l6a?x fo — cos*z) sinu du, 
0 


The last integral can be evaluated by means of the substitution cosa = 1; 
we find that 
7 2. 
A = l6a*x(—cosu + 1 os? u) = 64atr 
3 0 3 
As an exercise the reader may calculate for himself the height 7 of the 
centre of mass of the cycloid above the z-axis, and also the moment of 
inertia 7',. The results are 
4 


R= =a= 


A 256 
3 2ns 


and T,= 5 a’, 


2. The Catenary. 


The length of arc of the catenary has already been calculated as an 
example in the preceding section (p. 280), and we found its value to be 


8 ={ cosh adz = sinhb — sinha. 
a 


For the area of the surface of revolution obtained by rotating the 
catenary about the z-axis, the so-called catenoid, we find 


b 
A= 2 [coshtadz = anf fom de 
a a 


=n(b—at+ » sinh 2 — 5 sinh 2a). 


From this we further obtain the height of the centre of mass of the arc 


from a to b: 

1. 1. 
_ A (eee gel ee 
1 ons 


TS 2(sinhb — sinha) 


Finally, for the curvature we have 
yf’ cosh x 1 


~ (1+ y)3/2 ~ cosh?z ~~ cosh?x” 
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3. The Ellipse and the Lemniscate. 


The lengths of are of these two curves cannot be reduced to elementary 
functions, but belong to the class of “ elliptic integrals” mentioned on 
p. 243, 


For the ellipse y = 2 via! — 2®) we obtain 


UNS «9 ae 
(1— &) ( 4 


where we have put z/a = &, 1— b®/a? = x2. By the substitution & = sing 
this integral can be expressed in the form 


a= [v@- (a? — 8) sin’} dp = afva — x3 sin" 9)d9. 


Here, to obtain the semi-perimeter of the ellipse, we must let 2 traverse 
the interval from —a@ to +a, which corresponds to the interval 
—-1SES+1 or —xr/2S 9847/2. 


For the lemniscate, whose equation in polar co-ordinates is r? = 2a* cos 2, 
we similarly obtain 


o= [viet vat = f 4] (20% 00521 + 2g Sa) at 


cos 2¢ 


dt dt 
= avalos =e v2foa — antsy’ 


If we introduce u = tané as independent variable in the last integral, we 
have 
du 


a, a Oe 

1+ 1+ 
du 

a=avef a. 


In a complete loop of the lemniscate % runs from —1 to +1, and the length 
of are is therefore equal to 


+1 du 
ave” Va-ay 


a special elliptic integral which played a great part in the researches of 
Gauss. 


sin? = 


and consequently 
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EXAMPLES 


1. Calculate the area bounded by the semicubical parabola y = 2*/2, 
the w-axis, and the lines x = a and «= b. 


2. Calculate the area of the region bounded by the line y = 2 and the 
lower half of the loop of the folium of Descartes. (Use the parametric 
representation found in Ex. 7, p. 267.) 


3. Calculate the area of a sector of the Archimedean spiral r = a0 
(a > 0). 

4. Calculate the area of the cardioid (Ex. 3, p. 267), using polar co- 
ordinates. 

5. Calculate the area of the astroid (Ex. 6, p. 267). 


6. Calculate the area of the pedal curve of the circle 2* + y? = 1 with 
respect to a point P (xq, 0) on the z-axis. Show that this area is least when 
P is at the origin. 


x? y 
7. Do the same for the ellipse — + = = 1. 
a b2 


8. Find the parametric representation of the cardioid when the length 
of arc is used as parameter. 


9. Do the same for the cycloid. 
10. Calculate the length of arc of the semicubical parabola y = 23/2, 
11. Calculate the length of the astroid. 
12. Calculate the length of are of: 
(a) The Archimedean spiral r = a0 (a > 0). 
(6) The logarithmic spiral r = e™®, 
(c) The cardioid (Ex. 3, p. 267). 
(d) The curve r = a (6? — 1). 
13. Find the radius of curvature of (a) the parabola y = 2*; (b) the 
ellipse «= acosg, y = b sing, as a function of x and of ¢ respectively. 


Find the maxima and minima of the radius of curvature and the points 
at which these maxima and minima occur. 


14. Sketch the curve 


and determine its radius of curvature (p). 


15. Show that the expression for the curvature of a curve 2 = x(t), 
y = y(t) is unaltered by rotation of axes and also by change of parameter 
given by t= ¢(t), where p(t) > 0. 
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16. Let r= f(®) be the equation of a curve in polar co-ordinates. 
Prove that the curvature is given by the formula 


__ Qr’® — rr” + 2 
eae 


where ru wo, 
d8 d0? 
17. Find the volume and surface area of a zone of 2 sphere of radius r, 


i.e. of the portion of the sphere cut off by two parallel planes distant ha, hy 
respectively from the centre. 


18. Find the volume and surface area of the torus or anchor ring obtained 
by rotating a circle about a line which does not intersect it. 


19. Find the area of the catenoid, the surface obtained by rotating an 
arc of the catenary y = coshz about the a-axis. 


20. Sketch the curve defined by the equations 
z t 
c= ff cos hn) d, y= ff sinchnt) ae 
0 0 


What is the behaviour of the curve as ¢ runs from —o to +0? Cale 
culate the curvature & as a function of the length of are. 


21. The curve for which the length of the tangent intercepted between 
the point of contact and the y-axis is always equal to 1 is called the tractriz. 
Find its equation. Show that the radius of curvature at each point of the 
curve is inversely proportional to the length of the normal intercepted 
between the point on the curve and the y-axis. Calculate the length of 
arc of the tractrix and find the parametric equations in terms of the length 
of arc. 


22. Let % == 2(¢), y= y(t) be a closed curve. A constant length p is 
measured off along the normal to the curve. The extremity of this seg- 
ment describes a curve which is called a parallel curve to the original curve. 
Find the area, the length of arc, and the radius of curvature of the parallel 
curve. 


23. Find the centre of mass of an arbitrary aro (a) of a circle of radius 1, 
(b) of a catenary. 


24. Calculate the moment of inertia about the z-axis of the boundary 
of the rectangle a Sa Sb,aSySB. 


25. Calculate the moment of inertia.of an arc of the catenary y = coshz 
(a) about the z-axis, (6) about the y-axis. 


26. The equation y= f(x)+ a, aS2zSb, represents a family of 
curves, one for each value of the parameter «. Prove that in this family 
the curve with the least moment of inertia about the x-axis is that which 
has its centre of mass on the z-axis. 
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4, Some very Srmptz PROBLEMS IN THE MECHANICS OF A 
PaRTICLE 


Next to geometry the differential and integral calculus are 
especially indebted to the science of mechanics for their early 
development. Mechanics rests upon certain basic principles 
which were first laid down by Newton; the statement of these 
principles involves the concept of the derivative, and their 
application requires the theory of integration. Without analysing 
these basic principles in detail, we shall illustrate by some 
simple examples how the integral and differential calculus are 
applied in mechanics. 


|. The Fundamental Hypotheses of Mechanics. 


Here we shall restrict ourselves to the consideration of a single 
particle, that is, of a point at which a mass m is imagined to be 
concentrated. We shall further assume that motion can only 
take place along a certain fixed curve, on which the position of 
the particle is specified by the length of arc s measured from a 
fixed point on the curve; in particular, the curve may be a straight 
line, in which case we use the abscissa x as the co-ordinate of the 
point instead of s. The motion of the point is determined by 
expressing the co-ordinate s = ¢(t) as a function of the time. 
By the velocity of motion we shall mean the derivative ¢’(‘), 
or, as we shall also write, 


ds : : 
The second derivative, 

Ms gai 

de is 


we call the acceleration. 

In mechanics we start from the assumption that the motion 
of a point can be explained by means of forces of definite direc- 
tion and magnitude. Newton’s second fundamental law of 
mechanics may, in the case of motion on our given curve, be 
expressed as follows: 

The mass multiplied by the acceleration is equal to the force 
acting on the particle in the direction of the curve; in symbols 


ms = F, 
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Thus the direction of the force is always the same as that of the 
acceleration; its direction is that of increasing values of s if 
the velocity in that direction is increasing, otherwise it is opposed 
to the direction of increasing values of s. 

The law of Newton is in the first instance nothing more than 
a definition of the concept of force. The left-hand side of our 
equation is a quantity which can be determined by observation 
of the motion, by means of which we measure the force. But 
this equation has a far deeper meaning. As a matter of fact, it 
turns out that in many cases we can determine the acting force 
from other physical assumptions, without any consideration of 
the corresponding motion. The above 
fundamental law of Newton is then 
no longer a definition of force, but is 
instead a relation from which we can 
draw important conclusions about the 
motion. 

The most important example of a 
known force is given us by gravity. 
From direct measurements we know 
that the force of gravity acting on a 
mass m is directed vertically down- 
wards and is of magnitude mg, where 
the constant g, the so-called gravita- 
tional acceleration, is approximately equal to 981 if the time 
is measured in seconds and the lengths in centimetres. If a 
mass moves along a given curve, we learn by experiment that the 
force of gravity in the direction of this curve is equal to mg cosa, 
where a denotes the angle between the vertical and the tangent 
to the curve at the point under consideration (cf. fig. 12). 

In the case of motion on our given curve the basic problem 
of mechanics is as follows: if we know the force acting on the 
particle (e.g. the force of gravity), we have to determine the 
position of the point, that is, its co-ordinate s or 2, as a function 
of the time. 

If we restrict ourselves to the simplest case, in which this 
force * mf(s) is known at the outset as a function of the length 
of arc—so that the force is independent of the time—we shal] 


Fig. 12.—Motion on a given 
curve under gravity 


* The separation of the factor m in the expression for the given force is not 
essential, but makes the formuls simpler. 
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show how the course of the motion along the curve can be found 
from the equation 


Here we have to deal with a differential equation, that is, an 
equation from which an unknown function—here s(é)—is to be 
determined and in which the derivative of this function occurs 
as well as the function itself (cf. Chap. III, § 7, p. 178). 


2. Body Falling Freely. Resistance of the Air. 


In the case of the free fall of a particle along the vertical] z-axis. New- 
ton’s law gives us the differential equation 


== g. 


From this follows 2(t) = gt + v, where vy is a constant of integration. 
Its meaning is easily found by putting ¢= 0. We then find 2(0) = vg; 
that is, vg is the velocity of the particle at the instant from which the time 
is reckoned, the initial velocity. By another integration, we obtain 


x(t) = gt? + vot + Xo 


where 2 is also a constant of integration, whose value is again found by 
putting ¢= 0; we thus find that 2, is the initial position, that is, the co- 
ordinate of the point at the beginning of the motion. 

Conversely, we can choose the initial position x and the initial velocity 
% arbitrarily, and then obtain the complete representation of the motion 
from the equation x= 4g? + uot + 2% 

If we wish to take account of the effect of the friction or air resistance 
acting on the particle, we have to consider this as a force whose direction 
is opposite to the direction of motion and concerning which we must make 
definite physical assumptions.* We shall work out the results of different 
physical assumptions: (a) the resistance is proportional to the velocity, 
being given by an expression of the form —r#, where r is a positive con- 
stant; (b) the resistance is proportional to the square of the velocity, 
being of the form —rz*. In accordance with Newton’s law we obtain for 
the equations of motion 


(a) mé = mg — rz, (b) mé = mg — ri*, 


If we at first consider = u(t) as the function sought, we have a(t) = w(t), 


om (a) mi = mg — ru, (b) mi = mg — rut. 


* These assumptions must be chosen to suit the particular system under 
consideration; for example, the law of resistance for low speeds is not the same 
as that for high (e.g. bullet velocities). 
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Instead of determining u as a function of ¢ by these equations, we deter- 
mine ¢ as a function of u, writing our differential equations in the form 
dt 1 
ae =o Gee 


du g— ulm’ du g-— rut/m 


With the help of the methods given in the preceding chapter we can imme- 
diately carry out the integrations and obtain 


(a) tu) = — ™ log (a— Fa jb 
r mg 


1 kg —u 
b) t(u) = — - k 1 t 
(6) ¢(u) 9 BET + 
where we have put V (m/rg) = k and where ¢, is a constant of integration. 
Solving these equations for u, we have 


(a) u(t) = — 7 (er (t—te)/m 1), 


en~2(t—t)/k — ] 
(6) u(t) Pe, gk e—2t—teik Te 1 
These equations at once reveal an important property of the motion. 
The velocity does not increase with time beyond all bounds, but tends 
to a definite limit depending on the mass m. For 


(a) lim w(t)= 9, (6) lim u(t) = ,/™%. 
t—p>o r t>o r 


A second integration, performed on our expressions for u(t) = 4 with the 
help of the methods of the preceding chapter, gives the results (which 
may be verified by differentiation) 


(a) 2(t) = mt genr(t—te)im Pi 
" r 


_™ 79 oy 
(6) 2(0) = B tog oosh 4/72 (¢— t6) + 


where c is a new constant of integration. The two constants of integration 
t, and c are readily determined if we know the initial position 2(0) = a 
and the initial velocity 2(0) = u(0) = v, of the falling particle. 


3. The Simplest Type of Elastic Vibration. 


As a second example we consider the motion of a particle which moves 
along the z-axis and is pulled back towards the origin by an elastic force. 
As regards the elastic force we assume that it is always directed towards 
the origin and that its magnitude is proportional to the distance from the 
origin. In other words, we take the force as equal to —kz, where the 
coefficient & is a measure of the stiffness of the elastic connexion. Since 
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k is assumed positive, the force is negative when z is positive and positive 
when 2 is negative. Newton’s law now tells us that 


mé = —ko. 


We cannot expect that this differential equation will determine the motion 
completely, but it is plausible to suppose that for a given instant of time, 
say t= 0, we can arbitrarily assign the initial position 2(0) = 2) and the 
initial velocity 2(0) = v; that is, in physical language, that we can start 
off the particle from an arbitrary position with an arbitrary velocity and 
that thereafter the motion is determined by the differential equation. 
Mathematically this is expressed by the fact that the general solution of 
our differential equation contains two constants of integration, at first 
undetermined, whose values we find by means of the initial conditions. 
This fact we shall prove immediately. 

We can easily state such a solution directly. If we put o = V(k/m), 
we may at once verify by differentiation that our differential equation is 
satisfied by all the functions 


x(t) = c, coswt + c, sinw?, 


where c, and ¢c, denote constants chosen arbitrarily. On p. 297 we shall see 
that there are no other solutions of our differential equation and hence 
that every such motion under the influence of an elastic force is given by 
the above expression. This expression can easily be put in the form 


x(t) = asine(t — 8) = —asinwd coset + a coswd sinwt; 


we need only write —asinwd = ¢, and acoswd = ¢,, thus introducing in- 
stead of c, and c, the new constants a and 8. Motions of this type are said 
to be sinusoidal or simple harmonic. They are periodic; any state (i.e. 
position z(t) and velocity <(t)) is repeated after the time T = 2x/aw, which 
is called the period, since the functions sinw! and cost have the period 
7. The number a is called the maximum displacement or amplitude of the 
oscillation. The number 1/7 = w/2n is called the frequency of the 
oscillation; it measures the number of oscillations per unit time. We 
shall return to the theory of oscillations in Chap. XI (p. 501). 


4, Motion on a Given Curve. 


Finally, we shall discuss the most general form of the problem stated 
above, namely, the problem of motion along a given curve under an arbi- 
trary pre-assigned force mf(s). 

The point in question here is the determination of the function a(t) 
as a function of ¢ by means of the differential equation 


¥= f(s), 


where f(s) is a given function. This differential equation in s can be solved 
completely by the following device. 
We begin by considering any primitive function F(s) of f(s), so that 
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Fs) = f(s), and multiply both sides of the equation ¢= f(s) = F“(s) 
by & We can then write the left-hand side in the form ¢ G x), as we see 


at once by differentiating the expression 4?; the right side ’(s)3, however, 
is the derivative of F(s) with respect to the time ¢, if in F(s) we regard the 
quantity s as a function of t. Hence we immediately have 

dl. *) d 

meee eet i F 

dt G . a) 
or by integration 


za = F(s)+¢, 


where c denotes a constant yet to be determined. 
ds nee 
Let us write this equation in the form a Vv 2(F(s) +c). We see that 
from this we cannot immediately find s as a function of ¢ by integration. 
But we arrive at a solution of the problem if we at first content ourselves 
with finding the inverse function i(s), that is, the time taken by the particle 
to reach a definite position s. For this we have the equation 


a Se 
ds V2{F(s) + c} 


thus the derivative of the function é(s) is known, and we have 


ds 
Se 
Varore |” 

where c, is another constant of integration. As soon as we have performed 
this last integration we have solved the problem, for while we have not 
determined the position ¢ as a function of t, we have inversely found the 
time ¢ as a function of the position s. The fact that the two constants of 
integration ¢ and c, are still available enables us to make the general 
solution fit special initial conditions. 

In the above example of elastic motion we have to identify x with s; 
we have f(s)= —ws and correspondingly, say, F(s) = —}w*s*. We 
therefore obtain 

dt 1 
ds V(2c— ws?) 
and further 


ds 
tf yetamte 


This integral, however, can easily be evaluated by introduemg ws/V 2c 
as a new variable; we thus obtain 


1 . Os 
¢= — are sin —~ + q, 
o Vv 2c i 
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or, forming the inverse function, 
é= ve sinw(t — ¢). 
ra) 


We are thus led to exactly the same statement of the solution as before. 

From this example we also see what the constants of integration mean 
and how they are to be determined. If, for example, we require that at 
the time ¢ = 0 the particle shall be at the point s = 0 and at that instant 
shall have the velocity 6(0) = 1, we obtain the two equations 

o= Vv 2c sinwc,, 1 = V 2c cose, 
Q@ 

from which we find that the constants have the values c, = 0, c= }. 
The constants of integration ¢ and ¢, can be determined in exactly the 
same way when the initial position 8) and the initial velocity (at time 
t = 0) are prescribed arbitrarily. 


EXxAaMPLEs 


1, A point A moves with constant velocity 1 on a circle with radius r 
and centre the origin. The point A is connected to a point B by a line of 
constant length 1(>r); B is constrained to move on the z-axis (cf. the 
orank, connecting-rod, and piston of a steam engine). Calculate the velocity 
and acceleration of B as functions of the time. 


2. A particle starts from the origin with velocity 4, and under the 
influence of gravity slides down a straight wire until it reaches the 
vertical line «= 2. What must the slope of the path be in order that 
the point may reach the vertical line in the shortest time? 


3. A particle moves in a straight line subject to a resistance producing 
the retardation ku’, where u is the velocity and & a constant, Find ex- 
pressions for the velocity (uv) and the time (¢) in terms of s, the distance 
from the initial position, and vp, the initial velocity. 


4. A particle of unit mass moves along the z-axis and is acted upon 
by a force f(x) = —sinz. 

(a) Determine the motion of the point if at time t= 0 it is at the 
point x= 0 and has velocity v= 2. Show that as ¢ > 0 the particle 
approaches a limiting position, and find this limiting position. 

(6) If the conditions are the same, except that vy, may have any value, 
show that if v) > 2 the point moves to an infinite distance as t > 0, 
and that if v < 2 the point oscillates about the origin. 


5. Choose axes with their origin at the centre of the earth, whose radius 
we shall denote by R. According to Newton’s law of gravitation, a particle 
of unit mass lying on the y-axis is attracted by the earth with a force 

pM 


—> where u is the “ gravitational constant” and M is the mass of 


the earth. 
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(2) Calculate the motion of the particle after it is released at the point 
% (> &); that is, if at time t= 0 it is at the point y= y, and has the 
velocity v9 = 0. 

(6) Find the velocity with which the particle in (a) strikes the earth. 

(c) Using the result of (6), calculate the velocity of a particle falling 
to the earth from infinity.f 


6.* A particle of mass m moves along the ellipse r = k/(1 — e cos 6). 
The force on the particle is cm/r? directed towards the origin. Describe 
the motion of the particle, find its period, and show that the radius vector 
to the particle sweeps out equal areas in equal times, 


5. Furtaer APpPLicaTIONns: ParTICLE SLIDING DOWN A CURVE 


1. General Remarks. 


The case of a particle sliding along a frictionless curve under the in- 
fluence of gravity can be treated very simply by the method just described. 
We shall first discuss this motion 
in general, and then with special ¥ 
reference to the cases of the 
ordinary pendulum and the cy- 
cloidal pendulum. We choose 
axes in such a way that the y-axis 
points vertically upwards, that is, 
opposite to the direction of the 
force of gravity, and consider 
the curve as given in terms 
of a parameter 6 by the para- 
metric equations z = 9(0@) = x(6), 
y= $(6) = 4(6). <A portion of 
the curve, for which the motion 
will be studied, is shown in fig. 13. 
At every point of the curve the force of gravity acts downwards (that is, 
in the direction of decreasing y) on the particle with magnitude mg. If we 
denote the angle between the negative y-axis and the tangent to the curve 
by «, according to the hypothesis stated on p. 293 the force acting along 
the direction of the curve is 


Fig. 13 


mg cosa = —mg y 
a V (2? + y'3)’ 
where 
dp ’ dp , 
2 (8), eo, 7 (8). 


(Note that here the dash denotes the derivative with respect to 6, and 
not with respect to x.) If in particular we introduce the length of arc 8 


+ This is the same as the least velocity with which a projectile would have 
to be fired in order that it should leave the earth and never return. 
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as parameter in place of 6, we obtain the expression —mg dy for the force 
E ds 


along the curve. By Newton’s law, therefore, the function a(t) satisfies 
the differential equation 
= = —-g 
9a" 
The right-hand side of this equation is a known function of s, since we 
know the curve and must therefore regard the quantities x and y as known 
functions of s. 
As in the last section, we multiply both sides of this equation by & The 


left-hand side then becomes the derivative of 5a with respect to ¢. If in 


the function y(s) we regard s as a function of t, the right-hand side of our 
equation is the derivative of —gy with respect to t. On integrating, we 
therefore have 


a= —gy + 6 


where ¢ is a constant of integration. In order to fix the meaning of this 
constant, we suppose that at the time ¢= 0 our particle is at the point 
of the curve for which the value of the parameter is 6) and the co- 
ordinates are r= (8), Yo = (95), and that at this instant its velocity 
is zero, that is, 60) 0. Then putting t= 0 we immediately have 
—9g¥o + ¢ = 0, so that 


ie 
3° = —9(y — Yo)- 


Now instead of regarding s as a function of ¢ we shall consider the inverse 
function és). For this we at once obtain 

dt 1 

—_= + ——E 

ds V {29 (Ye — y)¥ 
which is equivalent to 


ds 
t= eas ener 
a  f 77m 


where ¢, is a new constant of integration. As regards the sign of the square 
root, which is the same as the sign of 8, we notice that if the particle moves 
along an arc which is lower than y, everywhere except at the ends, the 
sign cannot change. For the sign of 8 can change only where ¢ = 0, that 
is, where y— Yo== 0. The integrand on the right is known in terms 
of the parameter 0, since the curve is known. Introducing @ as inde- 
pendent variable, we obtain 


teat [S Eee py otf J (4) * 


where the functions 2’ = 9(6), y’ = (8), y = (8) are known. In order 
to determine the constant of integration c, we note that for t= 0 the 
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value of the parameter must be 69. This immediately gives us our solution 


in the form 
-+ fv (et) 
0 ¥ \29(¥9 —- nya 


When integrated this equation represents the time taken by the particle 

to move from the parameter value 6, to the parameter value 6. The in- 

verse function 0(¢) of this function (6) enables us to describe the motion 

completely; for at each instant ¢ we can determine the point z= 9{6(z)}, 
== ){6(t)} which the particle is then passing. 


2. Discussion of the Motion. 


From the equations just found, without an explicit expression for the 
result, of the integration we can deduce the general nature of the motion 
by simple intuitive reasoning. 

We suppose that our curve is Y 

of the type shown in fig. 14, A B 

that is, that it consists of Yo 

an arc convex downwards; we 

take 3 as increasing from left 

to right. If we initially re- 

lease the particle at the point 

A with co-ordinates = a, 

¥=Yo corresponding to 0= 0,, Xo Ly 2 
the velocity increases, for the 
acceleration & is positive. The 
particle travels from A to the lowest point with ever-increasing velocity. 
After the lowest point is passed, however, the acceleration is negative, 


Fig. 14 


since the right-hand side 9 of the equation of motion is negative. 


The velocity therefore decreases. From the equation 6* = —29(y — y,) we 
see at once that the velocity reaches the value 0 when the particle reaches 
the point B whose height is the same as that of the initial position A. 
Since the acceleration is still negative, the motion of the particle must be 
reversed at this point, so that the particle will swing back to the point 4; 
this action will repeat itself indefinitely. (The reader will recall that friction 
has been disregarded.) In this oscillatory motion the time which the point 
takes to return from B to A must clearly be the same as the time taken to 
move from A to B. If we denote the time required for a complete journey 
from A to B and back again by 7’, the motion will obviously be periodic with 
period T. If 0) and 6, are the values of the parameter corresponding to 
the points 4 and B sear the half-period is given by the expression 


oS 
tal Gee)? | 


LN (ee5= 0) 


“75 
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If 6, is the value of the parameter corresponding to the lowest point of 
the curve, the time which the particle takes to fall from A to this lowest 


point is 
2 _ y? 
ale V GI 


3. The Ordinary Pendulum. 


The simplest example is given by the so-called simple pendulum. 
Here the curve under consideration is a circle of radius J: 


a=T1sin®, y= —il cos6, 


where the angle 6 is measured in the positive sense from the position of 
rest. From the —— ee above we at once obtain 


2 Beanie nt — cosa) = [7 AN (sine — sina?) sint® =e) 


where «(0 < a < 7) denotes the amplitude of oscillation of the pendulum, 
that is, the angular position from which the particle is released at time 
t = 0 with velocity 0. By the substitution 

wn #0 (0/2) du co0s(0/2) 


sin(a/2)’ dO 2esin(«/2) 


T= 


our expression for the period of oscillation of the pendulum becomes 


1 du 
niet Vj; ee V (1 — u*)(1 — uf sin®(a/2))" 


We have therefore expressed the period of oscillation of the pendulum 
by an elliptic integral. 

If we assume that the amplitude of the oscillation is small, so that 
we may with sufficient accuracy replace the second factor under the 
square root sign by 1, we obtain the expression 


ae 1 du 

2,/- peat oeer 

9g i V(1L— ua) 

as an approximation for the period of oscillation. We can evaluate this 


last integral by formula 13 in our table of integrals (p. 206), and obtain 
the expression 27 af : as an approximate value for 7’. 
g 


4. The Cycloidal Pendulum. 


The fact that the period of oscillation of the ordinary pendulum is 
not strictly independent of the amplitude of oscillation caused Christian 
Huygens, in his prolonged efforts to construct accurate clocks, to seek 
for a curve such that the period of oscillation is strictly independent of 
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the particular position on the curve at which the oscillating particle begins 
its motion.* Huygens recognized that the cycloid is such a curve. 

In order that a particle may actually be able to oscillate on a cycloid 
the cusps of the cycloid must point in the direction opposite to that of 
the force of gravity; that is, we must rotate the cycloid considered pre- 
viously (p. 261) about the z-axis (ef. fig. 15). We therefore write the equa- 
tions of the cycloid in the form 


z= a(6 — sin6), 
y = a(1 + 0080), 
which also involves a translation of the curve through a distance 2a in 


the positive y-direction. The time which the particle takes to travel from 
a point at the height 


Yo =a(1+ cosa) (0<a<n) 


Zak xz 
Fig. 15.—Path described by a cycloidal pendulum 


down to the lowest point, by the formula worked out on p. 301, is 


ar) ft “v( 1 — cos@ ©) 
Va dd. 
zag fv ese = ar cos % — cos 6 


We now use the equation 


cosa — cos@ = 2 (costs — cost) 
2 2 


s. sin? 
z= aft ij ose eee 
I Je al (co#Z- cost8) 
2 2. 


We then work out the definite integral, making use of the substitution 
8 


cos =u cos, sin-d§ = —2 cos= du. 


2 2 


this gives 


* The oscillations are then said to be isochronous. 
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This gives 


du Z 
= 2 f oa 7 2s 


6 
sin — 
| 
ae 24) 
“| (cos ; cos ; 
and we therefore obtain 


cos 


T= —8 4/2 are sin 2 = ana/2. 
g cos * g 


a 
The period of oscillation 7’, therefore, is actually independent of the ampli- 
tude a. 


6. Work 


1. General Remarks. 


The concept of work throws new light on the considerations of the last 
section and on many other questions of mechanics and physics. 

Let us again think of the particle as moving on a curve under the 
influence of a force acting along the curve, and let us suppose that its 
position is specified by the length of arc measured from any fixed initial 
point. The force itself will then, as a rule, be a function of s. We assume 
that it is a continuous function f(s) of the length of arc. This function 
will have positive values where the direction of the force is the same as 
the direction of increasing values of s, and negative values where the 
direction of the force is opposite to that of increasing values of s. 

If the magnitude of the force is constant along the path, by the work 
done by the force we mean the product of the force by the distance 
(3,;—8)) traversed, where 8, denotes the final point and s, the initial point of 
the motion. If the force is not constant we define the work by means of 
a limiting process. We subdivide the interval from a, to s, into n equal or 
unequal sub-intervals and notice that if the sub-intervals are small, the 
force in each one is nearly constant; if o, is a point chosen arbitrarily in 
the v-th sub-interval, then throughout this sub-interval the force will 
be approximately f(c,). If the force throughout the v-th sub-interval were 
exactly f(o,), the work done by our force would be exactly 


n 

2 f(o,)As,, 

veel 
where As, as usual denotes the length of the v-th sub-interval. If we now 
pass to the limit, letting m increase beyond all bounds while the length 
of the longest sub-interval tends to zero, then by the definition of an 
integral our sum will tend to 


1 
W = [Sleds 
So 
which we naturally call the work done by the force. 
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If the direction of the force and that of the motion are the same, the 
work done by the force is positive; we then say that the force does work. 
On the other hand, if the direction of the force and that of the motion are 
opposed, the work done by the force is negative; we then say that work 
is done against the force.* 

If we regard the co-ordinate of position ¢ as a function of the time ¢, 
so that the force f(s) = p is also a function of ¢, then in a plane with rect- 
angular co-ordinates s and p we can plot the point with co-ordinates 
8 = a(t), p = p(t) as a function of the time. This point will describe a 
curve, which may be called the work diagram of the motion. If we are 
dealing with a periodic motion, as in the case of any machine, then after 
a certain time 7' (one period) the moving point s(é), p(t) will return to the 
same point; that is, the work diagram will be a closed curve. In this case 
the curve may consist simply of one and the same arc, traversed first 
forwards and then backwards; this happens, for instance, in elastic 
oscillations. But it is also possible for the curve to be a more general 
closed curve, enclosing an area; this is the case e.g. with machines in 
which the pressure on a piston is not the same during the forward stroke 
as during the backward stroke. The work done in one cycle, that is, in 
time 7', will then be given simply by the negative area of the work dia- 
gram, or in other words, by the integral 


lot T ds 
t) — dt, 
f py 


where the interval of time from t to tf) + 7 represents exactly one period 
of the motion. If the boundary of the area is positively traversed the work 
done is negative, if negatively traversed the work done is positive. If 
the curve consists of several loops, some traversed positively and some 
traversed negatively, the work done is given by the sum of the areas of 
the loops, each with its sign changed. 

These considerations are illustrated in practice by the indicator diagram 
of a steam engine. By a suitably-designed mechanical device a pencil is 
made to move over a sheet of paper; the horizontal motion of the pencil 
relative to the paper is proportional to the distance s of the piston from 
its extreme position, while the vertical motion is proportional to the steam 
pressure, and hence proportional to the total force p of the steam on the 
piston. The piston therefore describes the work diagram for the engine 
on a known scale. The area of this diagram is measured (usually by means 
of a planimeter) and the work done by the steam on the piston is thus 
found. Here we also see that our convention for the sign of an area, as 
discussed in § 2, No. 1 of this chapter (p. 271), is not of exclusively 
theoretical interest. For it sometimes happens when an engine is running 
light, that the highly expanded steam at the end of the stroke has a pres- 


* Note that here we must carefully distinguish the force of which we are 
speaking. For example, in lifting a weight the work done by the force of gravity 
is negative: work is done against gravity. But from the point of view of the 
person doing the lifting the work done is positive, for the person must exert 
a force opposed to gravity. 

itl (8798) 


306 APPLICATIONS [Cuap. 


sure lower than that required to expel it on the return stroke; on the 
diagram this is shown by a positively traversed loop; the engine 
itself is drawing energy from the flywheel instead of furnishing energy. 


2. The Mutual Attraction of Two Masses. 


Let us suppose that a particle attracts another particle according to 
Newton’s law of attraction; as a first example we shall consider the work 
done by the force of attraction as the second particle moves along the 
line joining the two particles. According to Newton’s law of gravitation, 
the attracting force is inversely proportional to the square of the distance. 
If we imagine the first particle at rest at the origin and the second particle 
at the distance r from the origin, the attracting force is given by the 
expression 

1 
f(r) =—p 7 
where u is a positive constant. The work done by this force when the 
particle moves from the distance r to the distance r,(<r) is therefore 
positive and equal to the integral 


uf 28a (+ -1) 
uf 3 = OMe 


If, by means of an opposing force, the particle is moved farther away 
from the origin, going from the distance r to a distance r, > r, the work 
done by the force of attraction will, of course, still be given by this integral 
(now negative). The work done by the opposing force hag the same numeri- 
cal value, but the opposite sign; it is therefore equal to u(? — : ). If we 

1 
think of the final position as being chosen farther and farther away, this 


approaches the limiting value U which we may call the work which must 
r 


be done against the force of attraction in order to move the particle from 
the distance r to “infinity”. This important expression is called the 
mutual potential of the two particles. Here, therefore, the potential is 
defined as the work required to separate two attracting masses completely; 
for example, the work required in order to tear an electron completely 
away from an atom (ionization potential). 


3. The Stretching of a Spring. 


As a second example we consider the work done in stretching a spring. 
As is usual in the theory of elasticity, we assume (cf. p. 295 also) that the 
force needed to stretch the spring is proportional to 2, the increase in the 
length of the spring, that is, p= kz, where k is a constant. The work 
which must be done in order to stretch the spring from the unstressed 
position z = 0 to the final position x = 2, is therefore given by the integral 


[tea = het 
0 
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4. The Charging of a Condenser. 


The concept of work in other branches of physics can be treated in a 
similar way. For example, we may consider the charging of a condenser. 
If we denote the quantity of electricity in the condenser by Q, its capacity 
by CG, and the difference of potential (voltage) across the condenser by JV, 
then we know from physics that @ = CV. Moreover, the work done in 
moving a charge Q through a difference of potential V is equal to QV. 
Since in the charging of the condenser the difference of potential V is not 
constant but increases with Q, we perform a passage to the limit exactly 
analogous to that on p. 304 and as the expression for the work done in 
charging the condenser we obtain 


ny 1 r& 10; ] 

VdaQ= = dQ=-t=-Q,V. 
0 Q G é Q Q 20 3 Qa: bb 

where Q, is the total quantity of electricity passed into the condenser and 


V, is the difference of potential across the condenser at the end of the 
charging process. 


Appendix to Chapter V 
1, PROPERTIES OF THE EVOLUTE 


The parametric equations 
j ¢ 
f=2— ae eee =y9+ Pp—-3 om 
Cr or) 
for the evolute of a given curve z= a(t), y= y(t) (cf. p. 283) 
enable us to deduce some interesting geometrical relations 


between it and the given curve. For convenience we use the 
length of arc s as parameter, so that 


@+y=1 and a#+ y7=0, 


1 = k — gy =S—_— = 
p % y 
or py=& and péi= —y. 


We thus have &=a2— py, n=yt ps; 
on differentiation these give 

é=4¢— pj§—py=—py, 1=¥9+ p+ p= ps, 
and therefore fi + iy = 0. 
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Since the direction cosines of the normal to the curve are given 
by —y and 4, it follows that the normal to the curve is tangent to 
the evolute at the centre of curvature; or, the tangents to the evolute 
are the normals of the given curve; or, the evolute is the “ envelope ” 
of the normals (cf. fig. 16). 

If further we denote the length of arc of the evolute, measured 
from an arbitrary fixed point, by c, we have 


2) = og? = é2 4 7. 


From the above formule, since <4? +- 72 = 1, we obtain 
a= p, 
so that if we choose the direction in which o is measured in a 
suitable way, 
c= p, 
provided that o + 0, 


or on integration 

1 — % = Pi — Po 
That is, the length of are of the evolute between two points is equal 
to the difference of the corresponding radii of curvature, provided 
that 6 remains different from zero for the arc under consideration. 

This last condition is not superfluous. For if p changes sign, 
then from the formula ¢ = 6 we see that on passing the corre- 
sponding point of the evolute the length of arc o has a maximum 
or minimum; that is, on passing this point we do not simply 
continue to reckon o onward, but must reverse the sense in which 
o is measured. If we wish to avoid this, on passing such a point 
we must change the sign in the above formula, ie. put ¢ = —. 

It may also be noted that the centres of curvature which 
correspond to maxima or minima of the radius of curvature are 
cusps of the evolute. (The proof will not be given here.) 

The geometrical relationship which we have just found can 
be expressed in yet another way. If we imagine a flexible inex- 
tensible thread laid along an arc of the evolute and stretched 
so that a part of it extends away from the curve tangentially to 
it, and if in addition the end-point @ of this thread lies on the 
original curve C, then as we unwind the thread the point Q will 
describe the curve C. This accounts for the name evolute 
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(evolvere, to unwind). The curve C is called an involute of the 
evolute ZH. On the other hand we may start with an arbitrary 
curve E and construct its involute C by this unwinding process. 
We then see that E conversely is the evolute of C. 

To prove this we consider the curve EZ, which is now the 
given curve, as given in the form = €(c), 7 = (0), where the 
current rectangular co-ordinates are denoted by ¢ and 7 and 
the parameter a is the length of arc. The winding is done as 
indicated in fig. 17; when the thread is completely wound on to 
the evolute Z, its end Q coincides with the point A of £ corre- 


c 


Fig. 16.—Evolute (£) Fig. 17.—Involute (C) 


sponding to the length of arc a. If the thread is now unwound 
until it is tangent to the evolute at the point P, corresponding 
to the length of are o Sa, the length of the segment PQ will be 
(a — a) and its direction cosines will be ¢ and 7, where the dot 
denotes differentiation with respect to o. Thus for the co- 
ordinates x, y of the point Q we obtain the expressions 


= é+ (a—o)é, y= 7+ (a—o)n, 


which give the equations for the involute described by the point 
Q in terms of the parameter o. By differentiation with respect 
to o it follows that 


t= —é+ (a—o)f=(a— of, 
9= a+ (a— of = (0 — off 
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And since £2 + nn = 0, we at once find that 

ti + ay = 0, | 
which shows that the line PQ is normal to the involute C. We 
can therefore state that the normals to the curve C are tangent 


to the curve H. But this is the characteristic property of H, the 
evolute of C. Hence every curve is the evolute of all its involutes. 


Fig. 18.—The cycloid as evolute and involute 


As a particular case we consider the evolute of the cycloid = t — sint, 
y++1— cost. By pp. 281, 283, 


H+ y 

ay — ye 

we therefore obtain the evolute in the form § = ¢ + sint, n= —1 + cost. 

If we put t= ++ 7, then § — m= t— sint and y+ 2 = 1 — cost, and 

these equations show that the evolute is itself a cycloid which is similar 
to the original curve, and can be obtained from it by 
translation, as indicated in fig. 18. 

As a further example we shall work out the equa- 
tion for the involute of the circle. We begin with the 
circle § = cosé, 1 = sinét and unwind the tangent, as 
indicated in fig. 19. The involute of the circle is then 


(0) given in the form 


a= cost+itsint, y=—asini + t cost. 


.ete 


LY — yz 


ney 


Bip 'ko— tavatitte Finally, we shall determine the evolute of the ellipse 


of the circle x= acost, y=bsint. We at once have 
‘ 43 2_ 58 
ae ne al ae ay 
aj—yi a 
“ , 2_ 52 
and nay pe Et —_S-— 2 ss, 
ry — ye 


which is a parametric representation of the evolute. If from these equations 
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we eliminate ¢ in the usual way, we obtain the equation of the evolute in 
non-parametric form: 


(a&)2/8 + (bn)?/8 = (a? as 2)2/3, 
This curve is called an astroid. Its graph is given in fig. 20. By means 
of the parametric equations we may readily convince ourselves that the 


centres of curvature corresponding to the vertices of the ellipse are actually 
the cusps of the astroid. 


Fig. 20.—Evolute of the ellipse 


EXAMPLES 


1, Show that the evolute of an epicycloid (Ex. 2, p. 267) is another 
epicycloid similar to the first, which can be obtained from the first by 
rotation and contraction. 


2. Show that the evolute of a hypocycloid (Ex. 4, p. 267) is another 
hypocycloid, which can be obtained from the first by rotation and ex- 
pansion. 


2. AREAS BOUNDED BY CLOSED CURVES 


We saw in § 2 (p. 271) that the area bounded by a closed 
curve += x(t), y= y(t), f St <+t,, which nowhere intersects 
itself (a so-called simple closed curve) is given by the integral 


— [ye ede 


where the value obtained is positive or negative according 
as the sense in which the boundary is described is positive or 
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negative. We shall now extend this result to more general curves. 
Suppose that the curve C, given by the equation «= z(t), 
y = y(t), intersects itself in a finite number of points, thus divid- 
ing the plane into a finite number of portions R,, R,,... . Sup- 
pose further that the derivatives are continuous, except perhaps 
for a finite number of jump discontinuities, and that 2 + #7 +0, 
except perhaps at a finite number of values of ¢ which may 
correspond to corners. Finally, it is assumed that the curve 
has a finite number of lines of support (p. 270). 

To each region R, we then assign an index p, defined in the 
following way: we choose an arbitrary point Q in R,, not lying 
on any line of support, and erect the line extending from Q 


Fig. 21 


upwards, in the direction of the positive y-axis. We count the 
number of times the curve C crosses the half-line from right to 
left, and subtract the number of times the curve C crosses from 
left to right; the difference is the index py, For example, the 
interior of the curve illustrated in fig. 6 (p. 269) has the 
index pw = +1; and in fig. 21 the regions R,,..., R; have the 
indices py = —1, pe= +1, py = +2, py = —2, pp = —1. This 
number p, actually does depend on the region R,; and not on the 
particular point @ chosen in R,, as we readily see in the following 
manner. We choose any other point @’ in R,, not on a line of 
support, and join @ to Q’ by a broken line lying entirely in the 
region R, As we proceed along this broken line from Q to Q’ 
the number of right-to-left crossings minus the number of left- 
to-right crossings is constant; for between lines of support the 
number of crossings of either type is unchanged, while on 
crossing a line of support either the number of crossings of both 
types increases by one, or else both the numbers decrease by one; 
in either case, the difference is unaltered. In the case where the 
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line of support meets the curve at several different points, say 
A, B,..., H, we consider it as several different lines of support, 
FA, FB,..., FH, where F is the point of the z-axis vertically 
below all the points A, B,..., H. Our argument then applies 
to each of these lines. Hence the number yp, has the same value 
whether we use Q or Q’ in determining it. 

In particular, if our curve does not intersect itself, the interior 
of the curve consists of a single region R whose index is +1 or 
—1 according as the sense in which the boundary is described 
is positive or negative. To see this we draw any vertical line 
(not a line of support) intersecting the curve; on this line we 
find the highest point of intersection (P) with the curve, and in 
R we choose a point Q below P and so near it that no point of 
intersection lies between P and Q. Then above Q there lies one 
crossing of the curve, which if the curve is traversed positively 
must be a right-to-left crossing, so that 1=—-+1; otherwise 
j»=-—l1. As we have just seen, this same value of » holds 
for every other point of R. For such a curve, and in fact for all 
closed curves, one of the regions, the “ outside” of the curve, 
extends unboundedly in all directions; we see immediately that 
this region has index 0, and henceforth neglect it. 

Our theorem about the area is now as follows: the value of 


ty 
the integral — f ya dt is equal to the sum of the absolute areas of 
the regions R,, each area R,; being counted p, times; in symbols 


ty 
—f yédt = Xp,| area R,|. 


The proof is simple. We assume, as we are entitled to do, 
that the whole of the curve lies above the z-axis (cf. footnote, 
p. 271). The lines of support cut R, into a finite number of por- 
tions; let r be one of these portions. Then on taking the integral 


— f yédt for each single-valued branch of the curve, we find that 


the absolute area of r is counted +1 times for each right-to-left 
branch over r and —1 times for each left-to-right branch over 
r, in all jx, times. The same is true for every other portion of R,; 
hence R, is counted p,; times. Thus the integral round the com- 
plete curve has the value Zp,| area R;|, as stated. This for- 


mula agrees with what we have found for simple closed curves, 
ae (B 798) 
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as we recognize from the discussion of the values of » for such 
curves. 

The definition given for the index p, has the disadvantage 
of being stated in terms of a particular co-ordinate system. As 
a matter of fact, however, it can be shown that the value of p, 
is independent of the co-ordinate system and depends solely on 
the curve; but we shall not prove this here. 


CHAPTER VI 


Taylor’s Theorem and the Approximate 
Expression of Functions by Polynomials 


In many respects the rational functions are the simplest 
functions of analysis. They are formed by a finite number 
of applications of the rational operations of calculation, 
while in the last resort the formation of every other function 
involves a more or less concealed passage to the limit from 
rational functions. The questions whether and how a given func- 
tion can be expressed approximately by rational functions, in 
particular by polynomials, are therefore of great amaporanee both 
in theory and in practice. 


1. Tae LoaarirHM AND THE INVERSE TANGENT 


1. The Logarithm. 


We begin by considering some special cases in which the 
integration of the geometrical progression leads almost at once 
to the desired approximations. We first remind the reader of 
the following fact. For g=-1 and for positive integers n, we 
have 

1 
rue iemcaane Gn ea $i t ty 
q” 


where "= . 
1—q 


If |g| <1 the remainder r, tends to 0 as m increases, and we 
then obtain (pp. 34-35) the infinite geometric series 


1+qg+¢@ +... with the sum : 


815 
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As our starting-point we take the formula 


dt 
log (1 =| — 
og +a=ji7 4 
and expand the integrand in accordance with the above formula, 
putting g= —t. Then by integration we at once obtain 


A n 
lg ta—e2—F +E —F 4... 4m Z +e, 
n 
where R, =f) radi = (—r F a + 


Hence for any positive integer m we have expressed the 
function log(1+- «) approximately by a polynomial of the n-th 
degree, namely, 

a” 


a a2", 
cae ir eae ae ed 


at the same time the quantity R,, the remainder, specifies the 
amount of the error made in this approximation. 

In order to estimate the accuracy of this approximation, 
we need only have an estimate for the remainder #,; and such 
an estimate is given us immediately by the integral estimates 
on p. 126. If at first we suppose that x = 0, then in the whole 
interval of integration the integrand is nowhere negative and 
nowhere exceeds ¢”". Consequently 


x a = x 
|Ra| sf rd= =, 
and we therefore see that for every value of x in the interval 
0 <2<1 this remainder can be made as small as we like by 
choosing ” large enough (cf. p. 32). If, on the other hand, the 
quantity x is in the interval —1<2<0, the integrand will 
not change sign and its absolute value will not exceed | t|"/(1 + a), 
and we thus obtain the estimate for the remainder 


n4+1 
R,|< Pipe bE 
ale er (1+ 2)(n+ 1) 

We see, therefore, that here again the remainder is arbitrarily 


small when 7 is sufficiently large. Of course, our estimate has 
no meaning when we put x= —1. 


n+l 
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Summing up, we can say that 
ee . 
log(-+a)=a—F+F—+...+ (Its + Ry 


where the remainder R,, tends to zero as n increases, provided 
that av lies in the interval* —1<2<1. From the above 
inequalities we can, in fact, find an estimate for the remainder, 
independent of x, which is valid for all values of x in the interval 
—1+A452S1, where A is @ number such that O0< AS 1. 
For then 


and this formula shows us that in the whole interval the function 
log(1 + 2) is expressed approximately by our polynomial of the 
n-th degree, the error being nowhere greater than : aT 
We leave it to the reader to convince himself that for all values 
of x for which | x] > 1 the remainder not only fails to approach 
zero, but, in fact, increases numerically beyond all bounds as 
n increases, so that for such values of x our polynomial does not 
give us an approximation to the logarithm. 

The fact that in the above interval the remainder R,, tends 
to zero may be expressed by saying that in this interval we have 


the infinite series + 
ahs ae ee 
Be ia Be oh gt ge 


for the logarithm. If in this series we insert the particular 
value z= 1, we obtain the remarkable formula 


aes aes | 
Per peseise a PE et 
log at3 at 


This is one of the relations whose discovery made a deep 
impression on the minds of the first pioneers of the differential 
and integral calculus. 


* It is to be noted that this interval is open on the left and closed on the 


right. 
+ Infinite series will be considered in detail in Chap. VIII (p. 365). 


318 TAYLOR’S THEOREM (Cuap. 


The above approximation for the logarithm leads us to 
another formula which is useful for many purposes, particularly 
in numerical calculations. Provided that —1 <a <1, we have 
only to write —z in place of x in the above formula to obtain 


ee 2 at 


beta) = a= 5 77 ee Sy 
Taking ” as even and rae we have 
: ni = 
glepttaat+ Sete. 4 Fae, 
n—1 
where R, is given by the expression 
5 _l 1 
== S es — ony 
By = 5 (Ba + 8x) = 5 [0" (= ee th 
~ i 
eS) a ge. 
ol—# 
On account of the relation 
= 1 ] 
Riel 
[4,| = n+11—a2? 


the remainder tends to zero as n increases, a fact which we 
again express by writing the expansion as an infinite series: 


5 log 2 


eo, oe a 
= artanhz =z — = = soe 
ar tanh & ze 3 - 5 so 7 te ’ 
for all values of x such that | «| <1. 
An advantage of this formula is that as x traverses the in- 
terval from —1 to 1, the expression te ranges over all positive 
—2 


numbers. Hence if the value of x is suitably chosen this series 
enables us to calculate the value of the logarithm of any positive 
number, with an error not exceeding the above estimate for R,,. 


2. The Inverse Tangent. 
We can treat the inverse tangent in a similar way if we 
begin with the formula, true for every positive integer n, 


1 na a 
Ty a ee ca a a 
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where n= (—1)" . 
= ( "ite 
By integration, we obtain 
ze 2 aen-t 
tans = e—— + 2 —+,...4(—1)" Ry, 
arc tang = x Ee +...+(—1) Fue OA n 


x9 {2n 
B= CW) os 


and we see at once that in the interval —1<S2<1 the re- 
mainder Ff, tends to zero as n increases, for by the mean value 
theorem of the integral calculus 


| a | 2+ 
n+1° 


1a 
|B, | <ferde = 


From the formula for the remainder we can also show fairly 
easily that for |«|> 1 the absolute value of the remainder 
increases beyond all bounds as m increases. We have accord- 
ingly deduced the infinite series 


x ao 
ti = a — erie 
arc tana = 2 a tF + 


valid for |z| <1. For = 1, since are tan] = P we have 


7 1,1 
—~=J]—_ = eee 
Z 315 + > 


as remarkable a formula as that previously found for log2. 


EXAMPLES 


1. Prove es xu— tans <log(1+2)<a#— 


a ED 27 


Hence find logs to 2 tae 
2. Calculate log ° 5 to 3 places, using the series 
at 
log(1 + z) = t—> +3 — eee 
Prove that the result is accurate to 3 places. 


3. How many terms of the series for log(1 + 2) must be used in order 
to obtain log(1 + x) to within 10 per cent if 30 Sz $31? 
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2. Taytor’s THEOREM 


An approximate representation by rational functions, as in 
the special cases above, can also be obtained in the case of an 
arbitrary function f(x), about which we assume only that for all 
values of the independent variable in an assigned closed interval 
the function possesses continuous derivatives up to the 
(n + 1)-th order at least. In most of the cases which actually 
occur the existence and continuity of all the derivatives of the 
function is known to begin with, so that for » we can choose 
any arbitrary integer. 

The approximation formula which we shall now derive was 
discovered in the early days of the differential and integral cal- 
culus by Taylor, a student of Newton’s, and is known as Taylor’s 
theorem *. 


1. Taylor’s Theorem for Polynomials. 


In order to get a clear idea of the problem, we shall begin by 
considering the case where f(a”) = dy ++ a,x + agz® +... + a,2" 
is itself a polynomial of the n-th degree. We can then easily 
express the coefficients of this polynomial in terms of the deri- 
vatives of f(x) at the point = 0. For if we differentiate both 
sides of the equation once, twice, &c., with respect to « and 
then put x = 0, we at once find that the coefficients are 


a =f, =f), =F" +-y Oo= 5S”). 


Any polynomial f(x) of the n-th degree can therefore be written 
in the form 


fle) =f0) + af") + TO) +E FO) +--+ = FO, 


This formula merely states that the coefficients a, can be ex- 
pressed in terms of the derivatives at = 0 and gives the 
expressions for them. 

We can generalize this “Taylor series” for the poly- 
nomial slightly if we replace x by £=a2-+h and consider 
the function f(€)=f(# + h) = g(h) as a function of h, for 


* A special case of this theorem is often referred to, without historical 
justification, as Maclaurin’e theorem. We shall not follow this usage. 
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the moment thinking of z as fixed and h as the independent 
variable. It then follows that 


GA)=Sf'(O, «2, GMb) =fME), 
and hence, if we put kh = 0, 
9 (0) =f'(a), «2, 90) =f). 


If we apply the previous formula to the function f (e+ h) = g(h), 
which is itself a polynomial of the n-th degree in A, we im- 
mediately obtain the Taylor series 


MH=fle+ H=fotMyast® at Fir@t.. 
A” een 
+ ae (a). 


2. Taylor’s Theorem for an Arbitrary Function. 


These formule suggest that we should seek a similar formula 
in the case of an arbitrary function f(x), not necessarily a 
polynomial; in this case, however, the formula can lead only 
to an approximation to the function by a polynomial. 

We wish to compare the values of the function f at the point 
x and at the point = 2-+h, so thath= €—a. If now n is 
any positive integer whatever, the ae 


fa) + (E—af'(a) +... + E— pore) 


will not, as a rule, be an exact expression for the functional value 
f(€). We must therefore put 


KO=fe+é-afo+ ESP prot... 
+8 a 2" f(a) + Bn 


where the expression R, denotes the remainder when f(&) is 
replaced by the expression f(z) + f’(z)(€—2)+.... In the 
first instance this equation is nothing but a formal definition of 
the expression R,. Its significance lies in the fact that we can 
easily find a neat and useful expression for this remainder R,,. 

For this purpose we think of the quantity € as fixed and the 
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quantity x as the independent variable. The remainder is then 
a function R,(z). By the above equation this function vanishes 
forz= €: 


R,(€) = 0. 


Further, by differentiation, we obtain 
my — . (€— 2)" genta 
R,'(z) = arr iat (z). 
For if we differentiate the equation defining the remainder 
with respect to 2, we obtain 0 on the left, since f(£) does not 
depend on 2 and is therefore to be regarded as a constant. On 
the right we differentiate each term by the rule for products, 
and find that all the terms cancel out except the last one, which 


is written above with a minus sign. 
Now by the fundamental theorem of the integral calculus 


36 € 
R,(a) = Ry(2) — Ry(é) = f° Ry')dt=— J Ry Ode, 
so that we obtain the formula 
24) = [MEAB= 9 pono 


If we introduce a new variable of integration 7 by means of the 
equation 7 = ¢ — 2, this becomes 
1 (n+1) 
R, = ahh (h— zr)" fOr (a + o)dr. 


Collecting these results, we have the following statement: 


If the function f(x) has continuous derivatives up to the 
(n + 1)-th order in the interval under consideration, then 


fetH=fatifo+h pore srw +... 
+2 F(0) + Ry 
or (the equivalent expression for h = € — x) 


fO=fe) + (€— ape + EET prt... 


(€— =)" n 
+ geo (a) + R,, 
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where the remainder R,, is given by the formula 


R= ae (ah — 2)*f+ (x + 7)dr. 


If in particular we put z= 0 and then replace h by 2, we 
obtain the formula 


_ Le, we oy, L™ ney 
fa=fO)+ FLO + of (0) +--+ 5 fO) + Be 


with the remainder 
Rms = (o — 7)"f) (2) de. 


These formule are known as Taylor’s theorem. They give 
expressions for the functions f(x -+ h) and f(x) respectively in 
terms of polynomials of degree m in h and in x respectively (the 
so-called polynomial of approximation), and a remainder. The 
polynomial of approximation is characterized by the fact that 
when h=0 (or «= 0, as the case may be) its value and 
that of its first n derivatives are the same as those of the 
given function and its first m derivatives. In contrast 
with the Taylor series for polynomials * the remainder and the 
expression for it are essential here. The significance of the 
formula lies in the fact that the remainder, even though it 
has a more complicated form than the other terms of the 
formula, nevertheless affords us a useful means for estimating 
the accuracy with which the sum of the first + 1 terms, 


LO + 5 1) +5 FLO) +e. += ~ £0), 
represents the function f(z) 


3. Estimation of the Remainder. 


Whether the first x + 1 terms of Taylor’s series actually give 
a sufficiently good approximation to the function naturally 
depends on whether the remainder is sufficiently small. We 
therefore now turn our attention to the estimation of this re- 
mainder. Such an estimate can most easily be made by means 
of the mean value theorem of the integral calculus (Chap. II, § 7, 
p. 127). 


* Whose representation requires no remainder. 
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We use this theorem in the form 
J 202) $(2) dr = $(68) f"9(e) dr, 
0 


where p(7) is a continuous function which is nowhere negative 
in the interval of integration, and ¢(r) is merely a continuous 
function there, while @ is a number in the interval * 0 < 6 <1. 
If in the formula for the remainder we take (h — 7)" to be p(7r) 


we obtain 
Amn 


R,= @aipt (a + 6h); 


while if instead we put p(7) = 1 we obtain the expression 


Rim (1 — 6)"f+0(@ 4 Oh), 


which is less important for us and is stated here only for the sake 
of completeness. In these formule 6 denotes a certain number 
in the interval 0< 61, whose value we cannot in general 
specify more accurately; as a rule, of course, this value is dif- 
ferent in the two formule for the remainder, and in addition 
depends on m, z, and h. The first form of the remainder was 
given by Lagrange, the second by Cauchy, and they are 
correspondingly named.t 

Our interest will be directed chiefly towards finding out 
whether the remainder 2, tends to zero as ” increases; if this is 
the case, the larger we choose n the more accurately is f(a + h) 
represented by the corresponding polynomial in h. In this case 


* We may in fact assume that 0 < 6 <1, but this is of no importance 
here. 

+ These expressions for the remainder, as well as others, can be derived 
from the mean value theorem of the differential calculus and from the general- 
ized mean value theorem (p. 203) respectively. We apply these theorems to 
the function F,(z) =R,(z) — Ry(é) and to the pair of functions R,(z) and 
(x — £)"+1 respectively, where we consider ¢ as fixed and make use of the formula 


Bate) = ~ EAP pon cn, 


These methods of deriving the formule for the remainder throw more stress on 
the fact that Taylor’s theorem is a generalization of the mean value theorem; 
they also offer the advantage, which for many theoretical purposes is important, 
that we need only assume the existence and not the continuity of the (n + 1)-th 
derivative. On the other hand, however, we lose the advantage of having an 
exact expression for the remainder in the form of an integral. 
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we say that we have expanded the function in an infinite Taylor 
series 


h ’ i? + is rer 
fle+N=fO)+ Ff@+ sf + gl" Ot. 


or, in particular, if we first put = 0 and then write z in place 
of h, 


fE)=fOF+ EP O+ESO+ EF" Ot... 


We shall meet with examples of this in the next section. 

First, however, we wish to point out the second important 
point of view arising from consideration of Taylor’s series. 
{f in the first formula we think of the quantity h as becoming 
smaller and tending to zero, then in the terminology of Chap. III, 
§ 9 (p. 195), the various terms of the series will tend to zero 
with different orders of magnitude; we accordingly call the 
expression f(x) the term of zero order in Taylor’s series, the 


expression hf’(x) the term of first order, the expression a tf’ (a) 


the term of second order, and so on. From the form of our 
remainder we see the following fact: 

In expanding a function as far as the term of n-th order we make 
an error which tends to zero with order (n + 1) ash > 0. 

On this fact many important applications depend. It shows 
us that the nearer the point z + h lies to the point 2, the better 
is the representation of the function f(z -+ h) by the polynomial 
of approximation, and that in a given case the approximation 
in the immediate neighbourhood of the point z can be improved 
by increasing the value of n. 


EXAMPLES 


1. Let f(z) have a continuous derivative in the interval a <2 <b, 
and let f’’(«) = 0 for every value of z Then if & is any point in the inter- 
val, the curve nowhere falls below its tangent at the point 7 = &, y = f(&). 
(Use the Taylor expansion to three terms.) 


2. Find the value of 6 in Lagrange’s form of the remainder R, for the 


and 


= 7; in powers of x 


expansions of 
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8. APPLICATIONS. EXPANSIONS OF THE ELEMENTARY 
Functions 


We shall now use the general results of the preceding section 
in order to express the elementary functions approximately by 
means of polynomials and to expand them in Taylor series. 
We shall, however, restrict ourselves to those functions for which 
the coefficients of the expansion in series are given by simple 
laws of formation. The series for certain other functions will 
be discussed in Chap. VIII (p. 405 e¢ seq.). 


1. The Exponential Function. 


The simplest example is offered by the exponential function, 
f(x) = e*. Here all the derivatives are identical with f(x) and 
therefore have the value 1 for x = 0. Hence by using Lagrange’s 
form for the remainder we at once obtain the formula 


=14 SHEE 
it 9 St. n+ 1) 
in accordance with § 2 (p. 320 ef seg.). If we now let increase 
beyond all bounds the remainder will tend to zero, no matter 
what fixed value of 2 we have chosen. For | e*| < e'*! to begin 
with. We now choose a fixed integer m greater than 2 |x|. 
Then for n = m we have 


le] et, |_art | _ fam dol dal 
n 2 |(n+ 1)! m “m+1 n+1 
<le| 1 oll * 
= ml Qnti-m = my Qn” 
22 |" 1 1 
so that |B, | sPeP ow © 


Since the first two factors on the right are independent of n, 
while the number 1/2" tends to zero as n increases, our state- 
ment is proved. If we think of the number 2 not as fixed, but 
as free to vary in the interval —a <2 <a, where a is a fixed 
positive number, it follows from the above that if we choose 
m > 2a the estimate 

1 


| R,| seal wd 
m! 2” 
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is valid provided n =m. For the remainder we have therefore 
specified a bound which holds for all values of x in the interval 
—@ <2 Sa, and which tends to zero asm —> oo. For the fune- 
tion e* we can therefore ae the ee as an infinite series 
e=1+s = +5 +5 Feed ed 
ye Q VE 
the last expression ee For an abbreviated expression for 
the series. This expansion is valid for all values of 2. Thus we 
have again proved that the number e considered in Chap. I 
(cf. p. 43) is the same as the base of the natural logarithms 
(cf. Chap. ITT, § 6). For numerical calculations we must, of course, 
make use of the finite form of Taylor’s theorem with the re- 
mainder; for = 1, for example, this etx 
e 


1 1 
e=1l+1+5+5+.. atom yr 


If we wish to calculate e with an error of at most 1/10,000, we 
need only choose n so large that the remainder is certainly less 
than 1/10,000; and since this remainder is certainly less * than 
3/(n+ 1)!, it is sufficient to choose n= 7, since 8! > 30,000. 
We thus obtain the approximate value 
e = 2°71822 

with an error less than 0-0001. Here we do not take any account 
of the error due to neglecting the figures in the sixth decimal place. 


() 


2. Sinx, cosx, sinhx, coshx. 
For the functions sinz, cos, sinhz, coshz we find the follow- 
ing formule: + 


fz) = sin& cosz sinhz  cosha, 
f(”) = cosz —sine coshz sinha, 
fe) = —sing —cosz sinhz cosh, 
fe) =  —cosz sing cosha sinha, 
f ey" = sins cosz sinh z sone 


* Here we have made use of the fact that e < 3. This follows immediately 


(cf. p. 43 also) from our series for e; for it is always true that 2 s 7 
therefore ni ~ 2n- 
e<lt+t1l+4gtRt... =14+1f1—}) =3. 
+ lf f(z) = sinz or f(x) = cosx, the n-th derivative can always be repre- 
sented by the expression 
L(x) = f(z + gn7z). 


» and 


328 TAYLOR’S THEOREM [Cuap. 


Hence in the polynomials of approximation for sine and sinhz 
the coefficients of the even powers of x vanish, while in the poly- 
nomials of approximation for cosz and coshz the coefficients of 
the odd powers vanish. Thus in the first case the (2n + 1)-th 
and the (2n-+ 2)-th polynomials are identical, while in the 
second case the 2n-th and the (2 + 1)-th are identical. If in 
each case we use the higher of these polynomials we at once 
obtain, using Lagrange’s form of the remainder, 


Pid Pd a. gant 
sing = 2 — aj + BI ees, Oni) 
n+3 
+ (-1)4 on ae wy 0090s 
a ot ss 
cosz = 1 — i +— a —+...+(-l) ai 
—])rt1 _ ant 
A Prd End g2ntl 
enh ey at ae 
gents 
+ @n+ ay cosh (62), 
a at an 
coat Pra ay hse, ay 
entre 
+ ——__ ay cosh (62), 


where in each of the four formule, of course, @ denotes a different 
number in the interval 0 < @< 1, a number which in addition 
depends on ” and on x. In these formule we can also make the 
approximation as exact as we please for each value of z, since 
the remainder tends to 0 as m increases. We thus obtain the 
four series 


es od 2 pert 
ine ee te eye SHY 
BNO ee oa a ZY ep 
Saeesi eS ee ey 


ar" 4! a Qr)! 
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; eB oO gtk 

S nh => — _ a = 

a gy kg e yoy + It’ 
a at 2 

coches l+t stat oa 2 apt 


The last two can also be obtained formally from the series for 
e* in accordance with the definitions of the hyperbolic functions. 


3. The Binomial Series. 

We may pass over the Taylor series for the functions log (1 + 2) 
and are tanz, which have already been treated directly in § 1 
(p. 315). We must, however, take up the generalization of the 
binomial theorem for arbitrary indices, which is one of the most 
fruitful of Newton’s mathematical discoveries, and which repre- 
sents one of the most important cases of expansion in Taylor 
series. Our object is the expansion of the function 


J(x) = (1+ 2) 
in a Taylor series, where x > —1 and a is an arbitrary number, 
positive or negative, rational or irrational. We have chosen the 
function (1 -+ «)* instead of a* because at the point z= 0 it is 
not true that all the derivatives of 2* are continuous, except in 
the trivial case of non-negative integral values of a. We first 
calculate the derivatives of f(x), obtaining 


f@=al+ cy, fe) = a(a—1)(l+2)%,..., 
f(a) = a(a—1)...(a—v4+ 1) (1+ 2). 
In particular, for z = 0 we have 
f'(0) = a, f’"(0) = a(a — 1), ..., f (0) = a(a— 1)(a— v + 1). 
Taylor’s theorem then gives 
a(a—1) 


(l+2a)*=1+ a+ a e+... 
4+ Here nent 1) n+ R,. 


We have still to discuss the remainder. This problem is not very 
difficult, but nevertheless is not quite so simple as in the cases 
treated previously. Here we shall pass over the estimation of 
the remainder, since the general binomial theorem will be proved 
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completely in a somewhat different and simpler way in Chap. 
VIII (p. 406 e& seq.; cf. also p. 336). The result, which we 
mention here in advance, is that whenever |z|<1 the re- 
mainder tends to 0 and therefore the expression (1 + 2)* can 
be expanded in the infinite binomial series 

a{a— 1) 


ie a —s [%\» 
Ges i e+ 5 w+... E (Se, 


where for brevity we have introduced the general binomial 


coefticients (5) hee) ler va) (for v > 0), (5) =1. 
v vl 0 


EXaMPLrs 


1. Expand (1 + x) to two terms plus remainder. Estimate the re- 
mainder. 

2. Use the expansion of Ex. 1 (discarding the remainder) to calculate 
V2. What is the degree of accuracy of the approximation? 

3. What linear function best approximates to a/ (1+ 2) in the neigh- 
bourhood of z = 0? Between what values of « is the error of the approxi- 
mation less than -01? 

4. What quadratic function best approximates to BVA (1+ 2) in the 
neighbourhood of «= 0? What is the greatest error in the interval 
—-O01S2501? 

5. (2) What linear function, (6) what quadratic function, best approxi- 
mates to 1/(1 + x) in the neighbourhood of z = 0? What are the greatest 
errors when —:1 S 25-1? 

6. Calculate sin(-01) to 4 places. 

7. Do the same for (a) cos(-01), (b) 1/126, (c) 1/97. 

8. Expand sin(z + h) in a Taylor series in h. Use this to find sin 31° 
(= sin(30° + 1°)) to 3 places. 


Expand the functions in Ex. 9-18 in the neighbourhood of #= 0 to 
three terms plus remainder (writing the remainder in Lagrange’s form). 


9. sin® 2, 14. e-*’, 
10. cos? x. 15. oat, 
cos x 
11. log cosz. 16. cotz — = 
x 
12. tanz. 17. ae - at 
sinz 2 
13. log. ig, og(L + 2) 


cos z , l+a2 
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19. (a) Expand e%im* to five terms plus remainder; (6) in the power 
series for e* substitute for z the power series for sinz, taking enough terms 
to secure that the coefficient of x‘ is correct. Compare with (a). 

20. Find the polynomial of fourth degree which best approximates to 
tan in the neighbourhood of z = 0. In what interval does this polynomial 
represent tanz to within 5 per cent? 


21. Find the first 6 terms of the Taylor series for y in powers of x 
for the functions defined by 


(a) a8 + y? = y, y(0) = 0; (6) a? + y? = y, y(0) = 1; 
(c) + x = y, y(0) = 0. 


4. GromerricaL APPLICATIONS 


The behaviour of a function f(x) in the neighbourhood of a 
point «=a, or the behaviour of a given curve in the neigh- 
bourhood of a point, can be studied with increased accuracy by 
means of Taylor’s theorem, for this theorem resolves the increment 
of the function on passing to a neighbouring point « = a + h into 
a sum of quantities of the first order, second order, &c. 


1. Contact of Curves. 


We shall now make use of this method in order to investi- 
gate the concept of contact of two curves. 

If at a point, say the point «= a, two curves y = f(x) and 
y= g(x) not only intersect, but also have a common tan- 
gent, we shall say that at this point the curves touch one another 
or have contact of the first order. The Taylor expansions of the 
functions f(a+h) and g(a+h) then have the same terms 
of zero order and of first order in h. If at the point z=a 
the second derivatives of f(x) and g(x) are also equal to one 
another, we say that the curves have contact of the second order. 
In the Taylor expansions the terms of second order are then 
also the same, and if we assume that both functions have con- 
tinuous derivatives of the third order at least, the difference 
D(x) = f(z) — g(x) can be expressed in the form 


3 3 
Doh) =fe+)=7e+ i= wD" (a+ on) =" Fh, 
where the expression F' (h) tends to f’”’(a) — g’(a) as h tends to 


zero. ‘The difference D(a-+ h) therefore vanishes to at least 
the third order with h. 
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We can proceed in this way and consider the general case, 
where the Taylor series for f(x) and g(x) are the same up to terms 
of the n-th order, that is, 


S@)=9(), f(a) = 9 (),f" (@) = 9" (a), -- - f@ = 9 @). 


We here assume that the (n+ 1)-th derivatives are also continuous. 
Under these conditions we say that at this point the curves have 
contact of the n-th order. The difference of the two functions will 
then be of the form 


fath)—g@ath= F(h), 


(n wei 


Fig. 1.—Osculating parabolas of 


where since 0X O51 the quantity F(h) = Dt) (a+ 6h) 
tends to f“+» (a) gt (a) as h tends to 0. We recognize 
from this formula that at the point of contact the difference 
f(x) — g(x) vanishes to the (n+ 1)-th order at least. 

The Taylor polynomials are simply defined geometrically by 
the fact that they are those parabolas of the m-th order 
which at the given point have contact of the highest possible 
order with the graph of the given function. Hence they are 
sometimes called osculating parabolas. For the case y= eé 
fig. 1 gives us the first three osculating parabolas at the point 
x= 0. 

If two curves y= f(z) and y= g(z) have contact of the 
n-th order, the definition does not exclude the possibility that 
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the contact may be of still higher order, i.e. that the equation 
ft) (a) = g* (a) is also true. If this is not the case, i.e. if 
f0*% (a) + g"* (a), we speak of a contact of exactly the n-th 
order or say that the order of the contact * is exactly n. 

From our formule as well as from our figures we can at once 
state a remarkable fact which is often unnoticed by beginners. 
If the contact of two curves is exactly of an even order, that is, 
if an even number n of derivatives of the two functions have the 
same value at the point in question, while the (n + 1)-th deri- 
vatives differ, then in conformity with the above formule the 
difference f(a + h) — g(a + h) will have different signs for small 
positive values of h and for numerically small negative values 
of k. The two curves will then cross at the point of contact. 
This case occurs e.g. in contact of the second order if the third 
derivatives have different values. If, however, we consider the 
case of contact exactly of an odd order, e.g. the case of an or- 
dinary contact of the first order, the difference f(a + h)—g(a+- h) 
will have the same sign for all numerically small values of h, 
whether positive or negative; the two curves therefore will 
not cross in the neighbourhood of the point of contact. The 
simplest example of this is the contact of a curve with its tan- 
gent. The tangent can cross the curve only at points where the 
contact is of the second order at least; it will actually cross the 
curve at points where the order of contact is even, e.g. at an 
ordinary point of inflection, where f” (x) = 0 but f’” (x) +0. 
At points where the order of contact is odd it will not cross 
the curve; as examples we may take an ordinary point of the 
curve where the second derivative is not zero, or the curve 
y = 2 at the origin. 


2. The Circle of Curvature as Osculating Circle. 


When looked at from this point of view the concept of the 
curvature of a curve y = f(x) gains a new intuitive significance. 
Through a definite point of the curve with the co-ordinates 
x= a, y= 6 there pass an infinite number of circles which 
touch the curve at the point. The centres of these circles 
lie on the normal to the curve, and to each point of this normal 


* That the order of contact of two curves is a genuine geometrical relation 
which is unaffected by change of axes is a fact which can easily be established 
by means of the formula for change of axes. 
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there corresponds just one such tangent circle. We may expect 
that by proper choice of the centre of the circle we can bring 
about a contact of the second order between the curve and the 
circle. 

As a matter of fact, we know from Chap. V (p. 283) that for 
the circle of curvature at the point 2 = a, whose equation is, say, 
y= g(x), we not only have g(a)=/f(a) and g’(a) =f’ (a), 
but also g”(a)= f(a). Hence the circle of curvature is at 
the same time the osculating circle at the point of the curve 
under discussion; that is, it is the circle which at that point has 

contact of the second order 

with the curve. In the 

limiting case of a point of 

inflection, or in general of 

y= F(x) a point at which the cur- 

vature is zero and the 

radius of curvature is in- 

finite, the circle of curva- 

ture degenerates into the 

tangent. In ordinary cases, 

Fig di —Oseiilatng circle that is, when the contact 

at the point in question 

does not happen to be of an order higher than the second, the 

circle of curvature will not merely touch the curve, but will 
also cross it (cf. fig. 2). 


y 


3. On the Theory of Maxima and Minima. 


As we have already seen in Chap. III (p. 161), a point x= a 
at which f’ (a) = 0 gives a maximum of the function f(x) if f” (a) 
is negative, a minimum if f” (a) is positive. These last conditions, 
therefore, are sufficient conditions for the occurrence of a maxi- 
mum or minimum. They are by no means necessary; for in the 
case where f’’(a) = 0 there are three possibilities open; at the 
point in question the function may have a maximum or a mini- 
mum or neither. Examples of the three possibilities are given 
by the functions y= —a‘, y= 21, and y= 2? at the point 
z= 0. Taylor’s theorem at once enables us to make a general 
statement of sufficient conditions for a maximum or a minimum, 
We need only expand the function f(a + A) in powers of h; the 
essential point is then to find whether the first non-vanishing 
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term contains an even power of h or an odd power. In the first 
case we have a maximum or a minimum according as the co- 
efficient of h is negative or positive; in the second case we have 
a horizontal inflectional tangent and neither maximum nor 
minimum. The reader may complete the argument for himself 
by using the formula for the remainder.* 


ExaMPLzs 


1. What is the order of contact of the curves y = e® and y= 1+ 2+ 
$sin?z at 2 = 0? 


2. What is the order of contact of y = sin‘z and y = tan‘x at x= 0? 
3. Determine the constants a, 5, c, d in such a way that the curves 


y= e* and y= a cosz + b sinz + ¢ cos2x-+ d sin2x have contact of 
order 3 at x= 0. 


4. What is the order of contact of the curves 
B+ y= ay, e+ yt x 
at their points of intersection? Plot the curves. 
5. What is the order of contact of the curves 
e+yoy Bay 
at their points of intersection? 
6. The curve y= f(z) passes through the origin O and touches the 


x-axis at O. Show that the radius of curvature of the curve at O is given 
x 


7.* K is a circle which touches given curve at a point P and passes 
through a neighbouring point @Q of the curve. Show that the limit of the 
circle K as Q ~ P is the circle of curvature of the curve at P. 


8.* F is the point of intersection of the two normals to a given curve 
at the neighbouring points P, Q of the curve. Show that, as Q-> P, R 
tends to the centre of curvature of the curve for the point P. (‘The centre 
of curvature is the intersection of neighbouring normals.) 


9.* Show that the order of contact of a curve and its osculating circle 
is at least three at points where the radius of curvature is a maximum or 
minimum. 

10. Determine the maxima and minima of the function y = e~"**, 
(See p. 336.) 


*The necessary and sufficient condition given previously (p. 161), how- 
ever, is more general and more convenient in applications, namely: provided 
the first derivative f’(z) vanishes at only a finite number of points, a necessary 
and sufficient condition for the occurrence of a maximum or minimum at one 
of these points is that the first derivative f’(x) changes sign as it passes through 
the point. 
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Appendix to Chapter VI 


1. EXAMPLE OF A FUNCTION WHICH CANNOT BE EXPANDED 
IN A TAYLOR SERIES 


The possibility of expressing a function by means of a Taylor 
series with a remainder of the (m+ 1)-th order depends essen- 
tially on the differentiability of the function at the point in ques- 
tion. For this reason the function logz cannot be represented 
by a Taylor series in powers of , and the same is true of the 
function ~/z, whose derivative is infinite at s =0. 

In order that a function may be capable of being expanded 
in an infinite Taylor series, all its derivatives must necessarily 
exist at the point in question; this condition, however, is by no 
means sufficient. A function for which all the derivatives exist 
and are continuous throughout an interval still need not neces- 
sarily be capable of expansion in a Taylor series; that is, the 
remainder R,, in Taylor’s theorem may fail to tend to zero as 
n increases, no matter how small the interval in which we wish 
to expand the function. 

The simplest example of this phenomenon is offered by the function 

= f(x) = e-@" for a + 0, f(0) = 0, which we have already considered 
in the appendix to Chap. III (p. 196). This function, with all its derivatives, 
is continuous in every interval, even at «= 0, and we have seen that at 
this point all the derivatives vanish, i.e. that f™(0) = 0 for every value 
of n. Hence in Taylor’s theorem all the coefficients of the polynomials 
of approximation vanish, no matter what value we choose for n. In other 
words, the remainder is and remains equal to the function itself, and 
therefore, except when z = 0, does not approach 0 as m increases, since 
the function is positive for every non-zero value of x. 


2. PRoor THAT ¢ IS IRRATIONAL 


From the formula e = 2 ier 14, oe a wat D! e, we immediately 
deduce that the number e is pee For if the contrary is true, that 
is, if e = p/g, where p and q are integers, we can certainly choose n 


larger than g. Then nie = ni? must be an integer. On the other hand, 
q 


mie Int + tb 


i” and since e? << ée< 3, we must 
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6 ! 
have 0< 7 i <1. Hence the integer nie= the integer 2n! + = + 
n 


«+++ 1 plus a non-vanishing proper fraction, which is impossible. 


3. Proor THAT THE BrINoMIAL SERIES CONVERGES 


In § 3 (p. 329) we postponed the estimation of the remainder 
R,, in the expansion of f(z) =(1+2)* for |e|<1. This 
estimation we shall carry out here. It is most convenient to 
separate the cases x > 0 and <0. 

For f+ (a) we have the expression 


n as ; 
fot (a) = a(a — 1). (a— P EE 


If «> 0, we write the remainder in Lagrange’s form, 


=o grt oe ie (+ bay 
R,(x) = (n+ i) ( 1)...( n) Ea 
so that 
Riy pe) Be ese ee 


(n+ 1)! ist 
Writing 6 =[|a|]-+ 1, where [| a|] means the greatest integer 
which does not exceed | a], we have 
| R,(z) | < op (6 + 1)...(6+ m) nti 
(n+ 1)! 
< Qe 1,2... (m+ 1) (m+ 2)... (0+ 5) pat 
= —1}! (n+ 1)! 
2? b-1Lyn+l 
Ss o—Di (n+ 6)tan, 


and since b is fixed, if 0<2< 1, this approaches 0 as n 
increases. 

For the case —1 < x < 0 we write the remainder in Cauchy’s 
form, 


R, (2) = PAptesi. easyer 


(1 + @x)"’ 
so that 
— 4)" a(a—1)...(a—n)! 
[Rule SEO lal sen =") a+ oy 
fe (2798) 
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Since |z| <1, the last factor cannot exceed a constant K, 
independent of n. Also (1— 0)/(1— @|z|)<1. As before, 
writing 6 =({|a[}+ 1, we have 

1 
@—»D! 


(n+ 6-2 [a|s, 


|2,(z)| S K {z|*+ 


K 
=o—D 


(n + 2)(n+ 3)... (n+ 0) 


which approaches 0 as m increases. 
Thus in either case when |z|<1 the remainder tends to 
zero as ” increases, justifying the expansion in § 3 (p. 330). 


4. ZEROS AND INFINITIES OF FUNCTIONS AND So-CALLED 
INDETERMINATE EXPRESSIONS 


The Taylor series for a function in the neighbourhood of a 
point =a enables us to characterize the behaviour of the 
function in the neighbourhood of this point in the following way. 
We say that a function f(x) at «=a has an exactly n-tuple zero 
or it vanishes there evacily to the order n, if f(a) =0, f'(a) =0, 
f(a) =0,..., f*Y* (a) =0, and f(a) +0. Here we assume 
that in the neighbourhood of the point the function possesses 
continuous derivatives to the n-th order at least. By our de- 
finition we seek to indicate that the Taylor series for the function 
in the neighbourhood of the point can be written in the form 


fla+ i) ="" Fy, 


in which as h > 0 the factor F(h) tends to a limit different from 
0, namely, the value f"(a). 

Tf a function ¢(zx) is defined at all points in the neighbour- 
hood of a point =a, except perhaps at 7 =a itself, and if 


12) 
p(x) i, g(x) 


where at the point =a the numerator does not vanish, but 
the denominator possesses a v-tuple zero, we say that the func- 
tion $(z) becomes infinite of the v-th order at the point «=a. 
If at the point «=a the numerator also possesses a p-tuple 
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zero and if » > v, we say that the function has a (u — v)-tuple 
zero there; while if %<v we say that the function has a 
(v — )-tuple infinity. 

All these definitions are in agreement with the conventions 
already laid down (cf. Chap. III, § 9, p. 194) regarding the be- 
haviour of a function. In order to make these relations precise, 
we expand numerator and denominator by Taylor’s theorem, 
using Lagrange’s form of the remainder; the function then has 
the form 
Slat h) _ vt MfM(a + Oh) 

gath) plig(a+ Oh) 


in which @ and 6, are two numbers between 0 and 1 and the 


factors by which = and - are multiplied do not tend to zero 
pl 


o(a + h)= 


vl 
as h does, since they approach the limits f(a) and g(a) 
respectively, which differ from zero. If » > v, we then have 


* v! Pas As (a) 
pacar Gi h) = Pasay a Pa) =0. 


The expression ¢(z) accordingly vanishes to the order p — v. 
If vy > p, we see that the expression ¢(a-+ h) becomes infinite 
of the order v— pp ash—>0O, If »=v, we obtain the equation 


) 
ima fa A) = 
Pea ta a) 
We can express the content of the last equations in the fol- 
lowing way: if the numerator and denominator of a function 


p(x) = ie both vanish at =a, we can determine the limiting 


value as z > a by differentiating the numerator and denominator 
an equal number of times until one at least of the derivatives is 
other than zero. If this happens for numerator and denominator 
simultaneously, the limit which we are seeking is equal to the 
quotient of these two derivatives. If we encounter a non-vanish- 
ing derivative in the denominator earlier than in the numerator, 
the fraction tends to zero. If we encounter a non-vanishing 
derivative in the numerator earlier than in the denominator, the 
absolute value of the fraction increases beyond all bounds. 
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We thus have a rule for evaluating the so-called indeter- 
minate expression 0/0—a subject that is discussed at exaggerated 
length in many textbooks on the differential and integral cal- 
culus. In reality the point in question is merely the very simple 
determination of the limiting value of a quotient in which the 
numerator and the denominator tend to zero. The name 
“indeterminate expression ” usually found in the literature is 
misleading and vague. 

We can arrive at our results in a somewhat different way by 
basing the proof on the generalized mean value theorem * instead 
of on Taylor’s theorem (cf. p. 135). According to this, if 
g(x) + 0, we have 


fla+ h) — fla) _ flat 9) 
ga+h)— g(a) g(a+ Oh) 
where @ is the same in both numerator and denominator. 
Hence, in particular, when f(a) = 0 = g(a), 
flat+h) _ fat mm) 
gath) g(a+ oh) 
Here @ is a value in the interval 0< 6<1, and if we put 
k = 0h, we obtain 
tim L@+" — tm LOH 
n>o0gath) r>og(athy 
it being assumed that the limit on the right exists, If 
f'(a) =0= g'(a), 
we can proceed in the same manner until we come to the first 


index for which it is no longer true that f™(a) =0=ga). 
Then 


fin SOTA) — Yom SEED 
rsrogath) isrog™(a+ly 


in which we also include the case in which both sides have the 
limit infinity. 


* This method of deriving our rule has the advantage that in it no use is 
made of the existence of the derivative at the point x = a itself: further, it 
includes the case in which ¢(x) is defined for x 2 a only, so that the passage 
to the limit 2 ~-> a or h > 0 is made from one side only. 
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As examples we consider 


sin 1 — cosz az) z tanz 
a’ 2 log(l+2) V(l—2)—1 
as z +0. We have 
sing _ 0080 y, jim 1 08 _ sin _ og, 
=—>o & 1] z—>0 z 1 
tim |) Sim ee 
—>v log (1 + 2) a—>0 1a + 2) 
tim x? tanz ones 2x tanz + 2x?/cos*xz 


eooVil—a)— 1) ~po —a/V(1— 2) 
= —lim 2tanz + ——-)v(1— a4) =0 


2—>0 
We further note that other so-called indeterminate forms can also be 
reduced to the case we have considered; for example, the limit of _ .! 
sin x 
as z +0, being the limit of the difference of two expressions which both 
become infinite, is an “indeterminate form” © — o, By the trans- 
formation 


sinz 2 2 sing 


we at once arrive at an expression whose limit as z -> 0 is determined by 
our rule to be 
l—cost _ | sing 
e—>0 zcosz-+sinz s—>0o 2cosz—zsinz 


EXAMPLES 


Evaluate the limits in Ex. 1-12: 


1, im =, ae -—,). 
apo F—G z>1 —1 2-1 
2. lim 7 sing lim (—. 1 =) 
po. ae * ->o \sin?a 
3. lim 24 — 1223 + af — 24 cosz 9. lim xsin2, 
2—>0 (sin x)® z—>0 
4, lim “— ©, 10. lim (1 + 2), 
z—>o sine z—>0 
i —1 
fim STO Se. lL. lim ——— 
: ae z z—>0 nell + x) 
6. tim tan 5a 12. lim x tana 
>a tang ‘>o V(1— 2) — 1 


13. Prove that the function y = (z*)*, y(0) = 1 is continuous at x = 0, 


CHAPTER VII 
Numerical Methods 


PRELIMINARY REMARKS 


Anyone who has to use analysis as an instrument for 
investigating physical or technical phenomena is faced by the 
question whether and how the theory can be adapted to yield 
useful practical methods for actual numerical calculations. Yet 
even from the point of view of the theorist, who desires only 
to recognize the connexions between natural phenomena, not 
to conquer them, these questions are of no trifling interest. 
For a systematic treatment of numerical methods we refer the 
reader to special textbooks on the subject.* Here we can only 
discuss some particularly important points which are more or 
less closely connected with the preceding ideas. We wish to 
direct special attention to the fundamental fact that the mean- 
ing of an approximate calculation is not precise unless it is 
supplemented by an estimate of the errors occurring, i.e. unless 
it is accompanied by definite knowledge of the degree of 
accuracy attained. 


1. Numericat INTEGRATION 


We have seen that even relatively simple functions cannot 
be integrated in terms of elementary functions and that it is 
futile to make this unattainable goal the aim of the integral 
calculus. On the other hand, the definite integral of a continuous 
function does evist, and this fact raises the problem of 
finding methods for calculating it numerically. Here we shall 
discuss the simplest and most obvious of these methods with 


* Cf. e.g. Whittaker and Robinson, The Calculus of Observations (Blackie & 
Son, Ltd., 1929). 
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the aid of geometrical intuition, and we shall then consider the 
estimation of errors. 


Our object is to calculate the integral I = f- J (x)dax, where 


a is less than 6. We imagine the interval of integration divided 
into m equal parts of length 1 = (b— a)/n, and we denote the 
points of subdivision by 4,=a, %—=—a+h,..., t=6, 
the values of the function at the points of division by fy, fy» 
.+ +5, and similarly the values of the function at the mid- 
points of the intervals by fijo, fs,---> Stan—1y2- We interpret 
our integral as an area and cut up the region under the curve 
into strips of breadth h in the usual manner. We must now 
obtain an approximation for each such strip of surface, that is, 
for the integral 


+h 
1= f fade 


1. The Rectangle Rule. 


The crudest and most obvious method of approximating to I 
is directly connected with the definition of integral; we replace 
the area of the strip IZ, by the rectangle of area f,h and obtain 
for the integral J the approximate expression * 


Tek fotft---t+fna) 


2. The Trapezoid and Tangent Formule. 


We obtain a closer approximation with no greater trouble if we 
replace the area of the strip Z,, not by the above rectangular area, 


but by the trapezoid of area ; (f, + f,41)4 shown in fig. 1. For 
the whole integral this gives the approximate expression 


LM fithat eet feat hfe tf) 


(the trapezoid formula), since, when the areas of the trapezoids 
are added, each value of the function except the first and the 
last occurs twice. 


* Hore and hereafter the symbol fy means “ is approximately equal to ”. 
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As a rule the approximation becomes even better if instead 
of choosing the trapezoid under the chord AB as an approxi- 
mation to the area of I we choose the trapezoid under the tan- 
gent to the curve at the point with the abscissa «= a, + h/2. 
The area of this trapezoid is simply hf,,,, and the approxi- 
mation for the entire integral is 


Teh(fi + foje Pause + fren—1y2)s 


which is called the tangent formula. 


Fig. 1.—The trapezoid formula 


3. Simpson’s Rule. 


By means of Simpson’s rule we arrive, with very little more 
trouble, at a numerical result which is generally much more 
exact. This rule depends on estimating the area I,+ 1,,, of 
the double strip between the abscisse = 2%, and x= 2,-+ 2h 
= 2,42 by considering the upper boundary to be no longer a 
straight line but a parabola; to be specific, that parabola which 
passes through the three points of the curve with abscisse 
,, C414 = 2,-+ h, and ,,.—=2,-+ 2h (cf. fig. 2). The equation 
of this parabola is 


y=f,+@—2,) ited 


+ (ce — =e — zt, — h) Sise wae, 2f,41 +h, 
i? 
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(The student may verify by direct substitution that for the 
three values of z in question this equation gives the proper values 
of y, namely, f,, f,4,, and f,,. respectively.) If we integrate 
this polynomial of the second degree between the limits z, and 
z,-+ 2h, we obtain, after a brief calculation, the following ex- 
pression for the area under the parabola: 


xy + 2h 1/8 
[yao hf, + 2h fas—f)+ 3(sh—28 hata 
h,,. : 
= (itis t foal 
y 
18) Xy Xyer Xys2 Z 


Fig. 2.—Simpson’s rule 


This represents the required approximation to the area of our 
strip, Z, + 1,44. 

If we now assume that n = 2m, i.e. that n is an even number, 
by the addition of the areas of such strips we obtain Simpson’s 
tule: 


Is - (fitfe++.---fom-) 


fs = (fet fy+ ---+fom—2) + a + fom)- 


12° (8798) 
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4. Examples, 


ry 
We now apply these methods to the calculation of log,2 = if - If 
1 
we divide the integral from 1 to 2 into ten equal parts, & will be equal 
to z5, and by the trapezoid formula we obtain 


z= 11 fy = 0-90909 
t= 1-2 fa = 0-83333 
a, = 13 fs = 0-76923 
m= 14 fy = 0°71429 
a= 15 Ss = 0-66667 
a= 16 fs = 0-62500 
z= 17 fr = 0-58824 
2,=18 fs = 0°55556 
a = 19 fo = 0-52632 
Sum 6:18773 
&% = 1-0 Ap = 0-5 
Lo = 2:0 $f 10 = 0-25 
693773 x zy 


log ,2 Ry 0-69377 


This value, as was to be expected, is too large, since the curve haa its 
convex side turned towards the x-axis. 
By the tangent rule, we have 


Owing to the convexity of the curve, this value is too small. 


&y + $h = 1-05 Saja = 0-95238 
% + fh= 1-15 fase = 0°86957 
+ $h = 1-25 fs/2 == 0-80000 
ty + th = 1-35 Sofa = 0°74074 
yt th= 1-45 Sofa = 0-68966 
@, + th = 1-55 fala = 0-64516 
&, + th = 1-65 Sis/2 = 0-60606 
& + th = 1-75 Sis/a = 0°57143 
w+ th = 1-85 Sir]a = 0°54054 
a, + th = 1-95 Sisle == 0°51282 


6-92836 x zy 


log ,2 my 0-69284 
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For the same set of subdivisions we obtain the most exact result by 
means of Simpson’s rule. We have 


z,=11 f, = 0-90909 t= 12 fy = 0-83333 
t= 13 fs = 0-76923 m=14 f,=0-71429 
tg= 1:5 f, = 066667 te=1:6 f, = 062500 
t=17 f, = 058824 te=1:8 f, = 055556 


Z=19 fy = 0-52632 —____— 
ah a ae! Sum 2-72818 x 2 
Sum 3-45955 x 4 oo 
_ 5-45636 
- 13-83820 13-83820 
% = 1:0 fo= 10 
B= 20 fy = 05 


20°79456 X gy 


log ,2 Ry 0-69315 
As a matter of fact 
log 2 = 0°693147 ... 


5. Estimation of the Error. 


It is easy to give an estimate of the error in each of our 
methods of integration if the derivatives of the function f(z) 
are known throughout the interval of integration. We take 
M,, My, ...as the upper bounds of the absolute values of the 
first, second, ... derivatives, respectively; that is, we assume 
that throughout the interval | f(x) |< M,. Then the estimation 
formule are as follows: 

For the rectangle rule 


—1 
[Z,—Af,| <5 Mi or |Z—AS f, 
vasQ 


<5 Minit = ; M,(b—a)h. 
For the tangent rule 
M45 
| I, hfral< seh or 


n—1 
I-hE fisy < Fi ah. 
v=0 


For the trapezoid rule 
h 
I, = 5 lt + fr+1) 


For Simpson’s rule 
h 
1, + Ty41 7 3 (f, + Afva1 + fi+2) 


M, 
a2 h3, 
<2 


M, 
— 4 Bd 
< 
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From the last two estimates there also follow estimates for 
the entire integral J. We see that Simpson’s rule has an error 
of much higher order in the small quantity h than the other 
rules, so that where M, is not too large it is very advantageous 
for practical calculations. To avoid wearying the reader with the 
details of the proofs of these estimates, which are fundamentally 
quite simple, we shall content ourselves with the proof for 
the tangent formula. For this purpose we expand the function 
f(&) in the (v + 1)-th strip by Taylor’s theorem: 


fe=fart(e—2—4)r(@+$)+ 32-24-47", 


where é is a certain intermediate value in the strip. If we 
integrate the right-hand side over the interval z, <7 <2,+ h, 
the integral of the middle term is zero. Since 


xyth 
: . (2, 3) da = 


as is easily verified, it follows immediately that 


th 8 
| [Fede Bhs 


M,—, 
Sy 


which proves our assertion. 


EXAMPLES 


Tw a | 
1. From the formula 7 i ipa 
(a) using the trapezoid formula with h = 0-1; 
(b) using Simpson’s rule with h = 0-1. 


dz, calculate x 


2. Calculate f ® ede numerically to within 745 (cf. p. 496). 
0 


1 4 
3. Caloulate [T= 
0 


numerically with an error less than 0-1. 
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2. APPLICATIONS OF THE Mzan VaLUE THEOREM AND OF 
Taytor’s THEOREM. THE CaLcuLus oF ERRors 


l. The “Calculus of Errors’. 


We now come to quite a different type of numerical calcu- 
lations. These are applications of the mean value theorem, or 
more generally of Taylor’s theorem with remainder, or finally 
of the infinite Taylor series. As an application which, though 
simple, is quite important in practice we shall consider the cal- 
culus of errors. This rests upon the idea—which lies at the root 
of the whole of the differential calculus—that a function f(z) 
which is differentiable a sufficient number of times can be re- 
presented in the neighbourhood of a point by a linear function 
with an error of order less than the first, by a quadratic func- 
tion with an error of order less than the second, and so on. Let 
us consider the linear approximation to a function y= f(z). 
If y+ Ay=f(e+ Av)=f(e+h), by Taylor’s theorem we 
have 


h2 
Ay= hfe) + FO), 


where = 2-+ 6h(0 << @ <1) is an intermediate value, which 
need not be more precisely known. If h= Az is small 
we obtain as a practical approximation 


Ay es hf'(2). 


In other words, we replace the difference quotient by the deri- 
vative to which it is approximately equal and the increment of 
y by the approximately equal linear expression in h. 

We use this fairly obvious fact for practical purposes in the 
following way. Suppose two physical quantities z and y are 
connected by the relation y=/(x). The question then arises, 
what effect an inaccuracy in the measurement of x has on the 
determination of y. If instead of the “true ” value z we happen 
to use the imaccurate value z+ h, then the corresponding 
value of y differs from the true value y= f(x) by the amount Ay= 
f(e@+h)— f(x). The error is therefore given approximately 
by the above relation. 
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We shall understand the use of these relations better if we con- 
sider a few examples. 


Ez. 1. The tangent galvanometer. In determining current by a tangent 
galvanometer we use the formula y= c tana, where a is the angle of 
deflection of the magnetic needle, ¢ is the constant of the apparatus, 
and y = J is the intensity of the current. Then 


and therefore Ay as ——— Aw. The percentage error in the measurement 
is given by cos? 


100Ay 100cAn  _—s-- 200 
y ccostatane sin2a 


From this we see that the accuracy reaches the greatest possible value, 
Le. to a given error in the measurement of the angle there corresponds 


Fig. 3 


the least possible error in the determination of the current, when the 
angle « is equal to 7/4 or 45°. 

In particular, let us suppose that it is possible to read the tangent gal- 
vanometer to within half a degree; then | Ac | in radians < } x 0-01745..., 


Li per If the reading on the galvano- 


meter is 30°, sin2a— 4V3= 3 x 1-73205..., and the percentage 


z ee which is about 2 per cent. 


1-732 

He. 2. In a triangle ABC (ef. fig. 3) we suppose that the sides b and ¢ 

are measured accurately, while the angle «= 2 can only be measured 

with an error | Ax| <8 Within what limit of error does the value 
y=a= V (bt + c? — 2be cosa) vary? 


and the percentage error will be 


error is less than 2 x 


We have Aa ry © be sina ba; 


the percentage error is therefore ts yy sited ‘ 
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special case where 6 = 400 metres, ¢ = 500 metres, and « = 60°, then 
by the cosine formula y = a = 458-2576 metres, and 


200000 
458-2576 
If Ax can be measured to within ten seconds of aro, that is, if 

Aa = 10” = 4848 x 10-* radians, 
we find that at worst 


— 
Aa ss X 5 V3Aq. 


Aa es 1-83 om; 
that is, the error is at most about 0-004 per cent. 


Ex. 3. The following illustrates a type of application of the above 
methods by which we can often save ourselves considerable trouble in 
physical problems. 


It is known experimentally that if an iron rod has the length J, at 
temperature 0, then at temperature ¢ its length will be / = 1,(1 + at), 
where « depends only on the material of which the rod is made. If now 
a pendulum clock keeps correct time at temperature ¢,, how many 
seconds will it lose per day if the temperature rises to ¢,? 


For the period of oscillation we have the formula 


aT 7 
T())= anal! whence -— = —_—. 
() ; di ~ Vg 
Hence if the change of length is Al the corresponding change in the 
period of oscillation is 


AT wy TAL 
Vie ’ 


hg 
where 1, = 1,(1+ ef,) and Al= al,(t,— ¢,). This is the time lost per 
oscillation. The time lost per second is A7'/T' ss Al/2l,; hence in one day 
the clock loses 43200 Al/l, seconds. 

Here the application of our methods has saved us a number of multi- 
plications and two extractions of the square root. In the longer direct 
process, moreover, we should finally have to subtract 7(1,) from the almost 
equal value T(/,), and a very small error in calculation would cause a rela- 
tively large percentage error in the result.* 

In this case, and in most cases where the function under consideration 
has several factors or fractional indices, we can reduce the calculation 
even more by taking the logarithms of both sides before differentiating. 
In the present example we have 


logT = log 2x — : logg + ; logi; 
by differentiating, we have 
aT 1 
—/T = _. 
al? = 3 


* It is a point of this nature that makes the calculations of applied optics 
so extremely laborious. 


352 NUMERICAL METHODS [Cuap. 
aT AT 34.: 


if lace — by —— i 

we rep! °F Y Az this gives 
AT Al 
rT Pr 


in agreement with the preceding result. 
2. Evaluation of 7. 
Gregory’ ies,* T= —_ 4 — = —..., which w 
gory’s seri ri 3 tz at which we 
obtained in Chap. VI, § 1 (p. 319) using the series for the inverse 
tangent, is not suitable for the calculation of 7, on account of 
the slowness of its convergence. We may, however, calculate 
a with comparative ease by the following artifice. From the 
addition theorem for the tangent, 


tana + tan 8 
ta ee 
me) 1 — tana tan 8 
if we change to the inverse functions a = arc tanu, 8 = arc tan», 
we obtain the formula 


arc tanu + arc tanv = arc tan (; +*). 
— w 


uty 


If we now choose u and v in such a way that ae 1, we 


obtain the value i on the right-hand side, and if u and v are 


small numbers we can easily calculate the left-hand side by 


means of known series. If, for example, we put u= v= 
as Kuler did, we obtain 
are tan ; + are tan ; 
If we further notice that Pat + 1-3)= i we have 
3°07 21 2 


arc tan 5 = are tan ; + are tan so that 


5=2 arc tan 5 + are tan 5, 
Using this formula Vega calculated the number 7 to 140 places. 


* Sometimes called Leibnitz’s series. 
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E 1,1 1 
B f th t =+-)+(1-—— )=. 
y means of the equation (+3) ( 0 we 
further obtain 
are tan : = are tan 5+ arc tan 2 
or 


7 = 2 arctan + are tan; + 2 are tan 2 


This expansion is extremely useful for the calculation of 


5 
am by means of the series arc tanz = 7 — ’ + . —-+.. for 


if we substitute for x the value a 7 or 1 we obtain with but 


few terms a high degree of accuracy, since the terms diminish 
rapidly. We can, however, perform the calculation even more 
conveniently if we base it on the formula 


7 120 1 1 
— = arc tan —— ~— == 4 arc tan - — 
i arc tan 119 — are tan 9 ; 7 arc tan gare tan — 930° 


obtained by considerations similar to those above. 


3. Calculation of Logarithms. 
For the sua calculation of logarithms we transform 


1 of et 
react T+ et. (lel<n 
where 0 <a <1 by a substitution 


1+ 2 _ p ae 1 
l—a p-?l 2p?— 1 


the logarithmic series ~ 5 bog 


into the series 


1 1 1 
logp = 5 log(p— 1) + 5 log(p + + oa 
1 


Mes 


where 2p? — 1 > 1, that is, p?> > 1. If p is an integer and p+ 1 
can be resolved into smaller integral factors, this last series 
expresses the logarithm of p by the logarithms of smaller integers 
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plus a series whose terms diminish very rapidly and whose sum 
can therefore be calculated accurately enough by use of only 
a few terms. From this series we can therefore calculate 
successively the logarithms of any prime number, and hence 
of any number, provided we have already calculated the value 
of log2. 

The accuracy of this determination of log p can be estimated 
more easily by means of the geometric series than from the 
general formula for the remainder. For the remainder R, of 
the series, ie. the sum of all the terms following the term 

1 


np we have 

1 1 1 
Yen NE ———__}+—_-___t,,, 

<ermeecips (tgp gop) 

= 1 1 
(n+ 2) (2p?— 1)" (2p?—1"—Y 

and this formula immediately gives the required estimate of the 
error. 


Let us for example caloulate log,7, using the first four terms of the 
series. We have 


p=7, 2py—1=97, 


1 1 1 
I = 2 log2 = — — eoes 
log7 log +5 best ot 5078 + 065 


+ ., 001030928, 


1 
0-00000037, 
97 3077 ~ 


2 log2 ry 1-38620436, ; log 3 my 0-54930614; 


hence 
log ,7 ey 1-94591015. 


Estimation of the error gives 


1 1 1 
Ba < Son * gi S300" 


We must, however, note that each of the four numbers which we have added 
is only given to within an error of 5 x 10-*, so that the last place in the 
value of log7 given above might be wrong by 2. As a matter of fact, 
however, the last place is right also. 
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EXAMPLES 


1. To measure the height of a hill, a tower 100 metres high on top of 
the hill is observed from the plain. The angle of elevation of the base of 
the tower is 42° and the tower itself subtends an angle of 6°. What are 
the limits of error in the determination of the height if the angle 42° is 
subject to an error of 1°? 


2. Calculate log,2 to three decimal places by means of an expansion 
in series. 

3. Calculate log,5 to six decimal places, using the values of log,2 and 
log,3 given in the text. 


4. Calculate x to five decimal places, using any one of the formule in 
sub-section 2 (pp. 352-3). 


3. Nomericat Sotution or Equations 


Tn conclusion we shall add some remarks about the numerical 
solution of the equation f(z) = 0, where f(z) need not necessarily 
be a polynomial.* Every such numerical method is based on 
the plan of starting with some known approximation 2, of one 
of the roots and then improving this approximation. Whence 
this first approximation for the desired root of the equation is 
found, and how good the approximation is, do not particularly 
matter. We may perhaps take a rough guess as a first approxi- 
mation, or better, obtain it from the graph of the function 
y =f(x), whose intersection with the z-axis gives the required 
root (of course with an error depending on the scale and the 
accuracy of the drawing). 


1. Newton’s Method. 


The following procedure which comes down to us from New- 
ton is based on the fundamental principle of the differential 
calculus—the replacing of a curve by a straight line, the tangent, 
in the immediate neighbourhood of the point of contact. If we 
have an approximate value 2» for a root of the equation f(z) = 0, 
we consider the point on the graph of the function y= f(z) 
whose co-ordinates are 2 = 2%, y = f(x»). What we wish to find 
is the intersection of the curve with the z-axis; as an approxi- 
mation to this we find the point where the tangent at the point 


* Here, of course, we are only concerned with the determination of real 
roots of f(z) = 0. 
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Z== %, ¥ = f(x) intersects the z-axis. The abscissa 2, of this 
intersection of the tangent with the x-axis will then represent 
a new and, under certain circumstances, a better approximation 
than 2, to the required root of the equation. 

In virtue of the geometrical 


¥ meaning of the derivative, fig. 4 
at once gives 
f(@)_ __ pv 
P Xo = a = f’(%). 


From this we obtain the formula 
for the calculation of the new 


Xz [Xi Xo approximation 2: 
x, 
Fig. 4.—Newton’s method of y= Xo _ f( 0) 2 
approximation if (Xp) 


If by this procedure we have found an approximation better 
than 2», then we repeat the process to find 2, and so on, and 
if the curve is of the form shown in fig. 3 these approximations 
will approach more and more nearly to the required solution. 


Fig. 5 


The usefulness of this process depends essentially on the 
nature of the curve y = f(z). In fig. 4 we see that the successive 
estimates converge with greater and greater accuracy to the 
required root. This is due to the fact that the curve has its convex 
side turned towards the z-axis. But in fig. 5 we see that if we 
choose the original value 2) badly, our construction does not 
lead to the required root at all. From this we see that in using 
Newton’s method we must examine each individual case to 
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determine with what degree of accuracy we have really solved 
the equation. We shall return to this subject on p. 359. 


2. The Rule of False Position. 


Newton’s method, in which the tangent to the curve plays 
a decisive part, is only the limiting case of an older method, 
known as the rule of false position, in which the secant appears 
in place of the tangent. Let us 
assume that we know two points 
(%, Yo) and (2, y,) in the neigh- 
bourhood of the required intersec- 
tion with the z-axis. If we replace 
the curve by the secant joining 
these two points the intersection 9 
of this secant with the z-axis will 
in certain circumstances be an 
improved approximation to the 
required root of the equation. 
If the abscissa of this point is denoted by ¢, we have (fig. 6) 
the equation 


y 


Fig. 6.—The rule of false position 


E—~% _ f—-% 
F(t) = fle)’ 


and from this we calculate é: 
ee Lo f (%) — % F(X) 


F (2) — f (a) 
— 2of (%1) — tof (20) + %of (Ho) — tf (%) 
S (#1) — f @) 
or é=%— Ff (%) 


{f (@1) — Ff @)} a — a)" 


This formula, which determines the further approximation € 
from 2p and 2,, is called the rule of false position. We can use it 
with advantage if one value of the function is positive and the 
other negative, say as in fig. 6, where ¥, > 0 and y, <0. Repe- 
tition of this process will always lead us to the required result 
if at each step we use a positive and a negative value of the 
function, between which the required root must necessarily lie, 
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The above formula of Newton results from the rule of false 
position as a limiting case if we let x, tend to a. For the 
denominator of the second term on the right-hand side of the 
statement of the rule of false position tends to f’(%) as 2 
tends to Zp. 


8. The Method of Iteration. 

Another means of approximation to the roots of an equation 
f(x) = 0 is the method of iteration. Here we put ¢(a) = f(x) + = 
and write our equation in the form «= ¢(z). We then suppose 
that € is the true value of a solution of our equation, and 2, 
a first approximation. We obtain a second approximation 2, 
by putting x, = ¢(x), a third approximation z, by putting 
%_ = d(z,), &c. To investigate the convergence of these approxi- 
mations, we apply the mean value theorem; recalling that 


£= ¢4(£), we have 
& — % = $(&) — $(%) = (& — %) $'(£) 
where é lies between £ and zy. This shows that if for 
|§—2|<|&—%| 

the derivative ¢’(z) is less in absolute value than k <1, then 
the successive approximations converge, for 

|é—a|<k]E—a], |E—ml <P] E—ayl,..-, 

| €—a,| <k"| €— %|, 

and the errors therefore tend to zero. The smaller the absolute 
value of the derivative ¢’(x) near £, the more rapid is the con- 
vergence. 

If ¢’(x) > 1 in the neighbourhood of € the approximations 
no longer tend to €. We can then use the inverse function or 


else the following device. We choose a first approximation 2, 
calculate A = f’(x,), and write 


1 
$(z) = —4fe) + 2. 
Then the equation f(x) = 0 can be written z= ¢(z), and here 
¢'(2) = —5 f'(x)+ 1, which has the value 0 at z= a» and 


hence will usually be less in absolute value than a constant 
k<1 if |é—2| <|&—% |. 
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Returning to Newton’s method, wecan now investigate its suit- 
ability for application at any given point. The equation f(z)= 0 is 


equivalent to «= ¢(2) = 2— f (2) provided that f’(x) + 0. 


f'(2) 
Applying the method of iteration to this last equation, from a 
first approximation 2, we obtain a second, 7, = 2%» i . = in 


other words, the same second approximation as Newton’s method 
gives when applied to the equation f(z) = 0. We thus see that 
the smaller the value of 
_S@f"@) 
$0 Gar 
the more rapidly do the successive approximations converge. 
In words, Newton’s formula converges rapidly for large values 
of f’(2 9) and small values of f(z,) and the curvature, as intui- 
tion would lead us to suspect. 
We can also obtain an estimate of the accuracy of Newton’s 
method, if we recall that, since f(¢) = 0, the derivative ¢'(£) = 
Applying Taylor’s theorem, we have 


£—2,= 68) — $e) = EOF gr, 


where é lies between ¢ and zp. Thus, if the error of the original 
estimate is small, the method converges much more rapidly than 
the method of iteration applied directly to f(x) = 

For example, if 


$'"(0) = SLOP" @Ot LOLOL" @— FOP OF 
{f'@} 
is everywhere less than 10, then a first approximation which is 
in error by less than -001 will yield a second approximation 
with an error of less than (-001)? x 10 +2 = -000005. 


4. Examples. 
As an example we consider the equation 
f(z) = 2 — 22 -—-5=0. 
For x, = 2, we have f(z)) = —1, while for z, = 2-1 we have f(a,) = 0-061. 
By Newton’s method, 
(a) _ 0-061 


PP ee Os 1 = 2-094569. 
f(a) 3(2-1)* — 2 - ~ 


> aS 
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To estimate the error we find from the expression (a) above that 9”(x) 
is about 1 and certainly less than 2 near z= 2. Moreover, the error of 
our first. approximation is certainly less than 1/160, for the secant joining 
the points z= 2,y— —1 and z= 2:1, y= -061 cuts the z-axis at a 
distance less than 1/160 from 2 = 2-1, and the curve, lying under the 
secant, cuts it even nearer 2-1. So the error * of our second approximation 
is less than 

1 2 1 
a -00004. 
2 (160)? 25,600 = 

If this degree of accuracy is not sufficient, we can repeat the process, 
calculating f(x,) and f’(,) for z, = 2-094569, and obtain a third approxi- 

ti ith less than —_—__ <_ -000000002. 
mation x, with an error D (25,600)8 < 

As a second example, let us solve the equation f(x) = x log;)z — 2 = 0. 
We have f(3) = —0-6 and f(4) = +0-4, and therefore use 2, = 3:5 as a 
first approximation. Then by using ten-figure logarithmic tables we 
obtain the successive approximations 


%q = 3-5 

a, = 3-598 

%_ = 3-5972849 

a = 3-5972850235. 


EXAMPLES 


1. Using Newton’s method, find the positive root of z* + 6% — 8 = 0 
to four decimal places. 
2. Find to four places the root of z= tanz between x and 2x. Prove 
that the result is accurate to four places. 
3. Using Newton’s method, find the value of 2 for which 
~~ 1 
—_. du= _., 
op l+u 2 
4. Find the roots of the equation x = 2 sin z to two places. 
5. Determine the positive roots of the equation 2°5—2—02=0 
by the method of iteration. 


6. Determine the least positive root of at — 325+ 102 — 10= 0 by 
the method of iteration. 


7. Find the roots of z* — 7z22 + 6x + 20 = 0 to four decimal places. 


* Another way of estimating the error, without reference to the secant, is 
as follows: if we estimate that the error is less than 1/20, the error of our second 
approximation is less than 1/20? = -0025. Hence the root differs from 2-1 by 
less than (2-1 — 2-0945) + -0025 = -008. Therefore the error was not merely 
less than 1/20, but less than -008, so that 2, is in error by less than (-008)? = 
000064. 
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Appendix to Chapter VII 
Srreuine’s FormMuLa 


In very many applications, especially in statistics and in the 
theory of probability, we find it necessary to have a simple 
approximation to n! as an elementary function of m. Such an | 
expression is given by the following theorem, which bears the 


name of its discoverer Stirling: 

! 
Asn— 0 eee 
V 20 nitte-2 


more exactly, 
1 
Vv Qarn"the-n <n! <v Bantthen(1 + in) 


In other words, the expressions n! and /27n"tte-" differ 
only by a small percentage when the value of n is large—as we 
say, the two expressions are asymptotically equal—and at the 
same time the factor 1 + 1/4m gives us an estimate of the degree 
of accuracy of the approximation. 

We are led to this remarkable formula if we attempt to 
evaluate the area under the curve y= logs. By integration 
(p. 220) we find that A,, the exact area under this curve 
between the ordinates x= 1 and x= n, is given by 


[rogzde = zlogz—z a nlogn—n-+ 1. 
1 1 


If, however, we estimate the area by the trapezoid rule, erecting 
ordinates at z= 1, v= 2,...,%=n as im fig. 7, we obtain 
T,, an approximate value for the area: 


I, = log2 + log3 +... + log(n — 1) + ; logn 
= logn! — ; logn. 


If we make the reasonable assumption that A, and 7’, are 
of the same order of magnitude, we find at once that n! and 
n"*te-" are of the same order of magnitude, which is essentially 
what is stated in Stirling’s formula. 
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To make this argument precise, we first show that the difference 
= A, — T,, is bounded, from which it will immediately follow 


that T, = A, ( — an) is of the same order of magnitude as A,. 


nh 


The difference a;,4, — % is the difference between the area under 
the curve and the area under the secant in the strip k Sa Sk+1. 


k hey hed # 
Fig. 8 


Since the curve is concave down- 
ward and lies above the secant, 
Q,+1— 4% is positive, and d= 
(a, — Qn-4) ag (Qn4 cae Gna) a ee oe 
(@—4)-+@, is monotonic in- 
creasing. Moreover, the difference 
4.41 — 4, is clearly less (cf. fig. 
8) than the difference between 
the area under the tangent at 


ct=k +5 = and the area under the secant; hence we have 


the ssciastiy 


tiny — ty <log(F + ;)- 5 logk — 5 log (k + 1) 
1 1 1 1 
= slog (1+ 52) — slog (1 + +5) 
2 2k 2 2(k+ 5) 
1 1 1 1 
e+ 3) —5h6(2+ sara): 
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If we add these inequalities for k= 1, 2,..., »—1, all the 
terms on the right except two will cancel out, and (since a, = 0), 
we have 


1, 3 1 1 1, 3 
aa <5 logs — 5 log (1+ 2) <2 og. 


Hence a, is bounded, and being monotonic increasing it 
tends to a limit a as n> 0. Our inequality for a,4; — a, now 
gives us 


2 1 1 
a—ag=3 (yey— a) <3 log(1 + 2). 
Since by definition A, — 7, = a,, we now have 
logn! = 1 — a, + (» + ) logn — n, 
or, writing a, = e!-%, 
nl = a,n*tte-n, 


The sequence a, is monotonic decreasing and tends to the limit 
a= e!-2; hence 


1< 7 = ete < et og +1/2n) ( + ) <1+ a 
a 2n. 4n 
Hence we have 
anrtte-n < nl < anttte-n (1 + bs ). 
4n 


It only remains for us to find the actual value of the limit a. 
Here we make use of the formula proved in Chap. IV, § 4 (p. 225): 


ye (nl)? 22" 
Ve "n> eo (2m)! Jn 


Replacing n! by a,n"tte-® and (2n)! by ag, 22h+tn2n+# e-2n, 
we immediately obtain 


lim a,” a’ 
uA etre O2n/2 ar/2’ 
whence a= 4/27. The proof of Stirling’s formula is thus com- 
pleted. 
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In addition to its theoretical interest, Stirling’s formula is a 
very useful tool for the numerical calculation of n! when m is 
large. Instead of multiplying together a large number of 
integers, we have merely to calculate Stirling’s expression 
by means of logarithms, which involves far fewer operations. 
Thus for n= 10 we obtain the value 3598696 for Stirling’s 
expression (using seven-figure tables), while the exact value of 
10! is 3628800. The percentage error is barely g per cent. 


EXaMPLs 
1 


Prove that lim vn = 
apo e 


CHAPTER VIII 


Infinite Series and Other Limiting 
Processes 


PRELIMINARY REMARKS 


The geometric series, Taylor’s series, and a number of special 
examples which we have already met in this book suggest that 
we may well study those limiting processes which are called the 
summation of infinite series from a rather more general point of 
view. From its nature any limiting value 

S= lms, 
n—>o 
can be written as an infinite series; for if m takes the values 
1, 2, 3,..., we need only put a, = 5, — S,_, for n> 1 and 
a, == 8, to obtain 
8p = G+ ay + +++ tay, 


and the value S thus appears as the limit of s,, the sum of n 
terms as ” increases. We express this fact by saying that S is 
the “ sum of the infinite series ” 


@ +dg+ag,+ ... 


Thus an infinite series is simply a way of representing a 
limit where each successive approximation is found from the 
preceding by adding one more term. The expression of a number 
as a decimal is in principle merely the representation of a number 
a in the form of an infinite series a=a,+a,+a,+..., 
where, if 0S aS], the term a, is put equal to a, X 10-* and 
a, is a whole number between 0 and 9 inclusive. Since every 
limiting value can be written in the form of an infinite series, it 
may seem that a special study of series is superfluous. But in 
many cases it happens that limiting values occur naturally in 

3865 
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the form of infinite series, which often exhibit particularly simple 
laws of formation. Of course it is not true that every series has 
an easily recognizable law of formation. For example, the number 
m can certainly be represented as a decimal, yet we know no 
simple law enabling us to state the value of an arbitrary digit, 
say the 7000th, of this decimal. If, however, we set aside the 
representation of 7 by a decimal and consider Gregory’s series 
instead, we have an expression with a perfectly clear general 
law of formation. 

Analogous to infinite series, in which the approximations to 
the limit are found by repeated addition of new terms, are 
infinite products, in which the approximations to the limit 
arise from repeated multiplication by new factors. We shall 
not go deeply into the theory of infinite products, however; the 
principal subject of this chapter and of the following chapter 
will be infinite series. 


1. Taz Concepts of CONVERGENCE AND DIVERGENCE 


1. The Fundamental Ideas. 


We consider an infinite series whose “general term” we 
denote * by a,; the series is then of the form 


oO 
Q, + dg + ocala, 
The symbol on the right with the summation sign is merely an 
abbreviated way of writing the expression on the left. 
If as n increases the n-th partial sum 


Nas a i a a 


approaches a limit 
S=lims, 
n—>o 
we say that the series is convergent, otherwise we say that it is 
divergent. In the first case we call S the sum of the series. 
We have already met with many examples of convergent 
* For formal reasons we include the possibility that certain of the numbers 


a, may be zero. If all the a,’s from a number N onward (i.e. when n > N) vanish, 
we speak of a terminating series. 
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series; for instance, the geometric series 1+ q+ q?+..., 
which converges to the sum 1/(1 — g) when | g| <1, Gregory’s 
series, the series for log 2, the series for e, and others. In the 
language of infinite series, Cauchy’s convergence test (cf. Chap. I, 
§ 6, p. 40) is expressed as follows: 

A necessary and sufficient condition for the convergence of a 
series 18 that the number 


| 8m — Sn | =| @nty + One + +. + dm} 


becomes arbitrarily small if m and n are chosen sufficiently large 
(m>n). In other words: A series converges if, and only af, the 
following condition is fulfilled: if a positive number ¢ is given, 
no matter how small, it is possible to choose an index N = N(e), 
which in general increases beyond all bounds as «->0, in such a 
way that the above expression | a,,—8,| is less than ¢, provided 
only that m > N and n> N. 


We can make the meaning of the convergence test clearer by consider- 
ing the geometric series where g = 3. If we choose ¢ = zo» we need only 
take N= 4, For 


1 1 
14m — Sal = at eee + wok 


gm-1 
1 fl 1 1 1 
4 G+at- + se) Qr-a 
1 1. 
and gra < jo f* >t 


If we choose ¢ equal to z4;, it is sufficient to take 7 as the corresponding 
value of NV, as may easily be verified. 


; Obviously it is a necessary condition for the convergence of a 
series that 
lim a, = 0. 


ao 


Otherwise the convergence criterion certainly cannot be fulfilled. 
But this necessary condition is by no means sufficient for con- 
vergence; on the contrary, it is easy to find infinite series whose 
general term a, approaches 0 as n increases, but whose sum does 
not exist, as the partial sum s, increases without limit as n 
increases. 
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An example of this is the series 


ple ge ae re oe 


1+ 7 V3 Vn 


+ ees 


: . We immediately see that 


the general term of which is 
Vn 


1 1 n 
A dry ea vv tne 


The n-th partial sum increases beyond all bounds as m increases, and 
therefore the series diverges. 
The same is true for the classic example of the harmonic series 


1,1,1 
D+ 5tgtgte: 


1 1 1 11 gq 
Ba ie Nigg? opt "toe zs Since 
n and m = 2n can be taken as large as we please, the series diverges, 
for Cauchy’s test is not fulfilled; in fact, the n-th partial sum obviously 
tends to infinity, since all the terms are positive. On the other hand, the 
series formed from the same numbers with alternating signs, 

1,1_1 


_ sd Seb ee ills 
Pete at 5 te 


Here @,4; + +++ Gon, = 


converges (cf. Chap. VI, p. 317), and has the sum log2. 


It is by no means true that in every divergent series s,, tends 
to +o or —o. Thus, in the case of the series 


y eseas es ea ees em ee 


we see that the partial sum s, has the values 1 and 0 alternately, 
and on account of this oscillation backwards and forwards 
neither approaches a definite limit nor increases numerically 
beyond all bounds. 

With regard to the convergence and divergence of an infinite 
series the following fact which, though self-evident, is very im- 
portant, should be noted. The convergence or divergence of a series 
is not changed by inserting a finite number of terms or by removing 
a finite number of terms. So far as convergence or divergence is 
concerned, it does not matter in the least whether we begin the 
series at the term dy, or @,, or @;, or any other term chosen 
arbitrarily. 
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2. Absolute Convergence and Conditional Convergence. 
The series 1 + ; + : + i ... diverges; but if we change 


the sign of every second term the resulting series converges. On 
the other hand, the geometric series 1 — q+ g?— g+ — 
converges and has the sum 1/(1 + 9), oad that OS q < 1: 
and on making all the signs plus we obtain the series 


I+qtP+Pt..-, 


which is also convergent, having the sum 1/(1 — q). 

Here there appears a distinction which we must examine a 
little more closely, With a series whose terms are all positive there 
are only two possible cases; either it converges or the partial 
sum increases beyond all bounds as n increases. For the partial 
sums, being a monotonic increasing sequence, must converge if 
they remain bounded. Convergence occurs if the terms approach 
zero rapidly enough as m increases; on the other hand, diver- 
gence occurs if the terms do not approach zero at all or if they 
approach zero too slowly. In series where some terms are 
positive and some negative, however, the changes of sign may 
bring about convergence, since a too great increase in the partial 
sums, due to the positive terms, is compensated by the nega- 
tive terms, so that the final result is that a definite limit is 
approached. 


In order to grasp this fact the better, with a series 2 a, having 
v=) 
positive and negative terms we compare the series which has 
the same terms all with positive signs, that is, 
[a |+la|-+...=2] a 
If this series converges, then for sufficiently large values of n 
and m > n, the expression 
| @nta| + | Gata | +--+ + | Om | 
will certainly be as small as we please; on account of the relation 


| Qnty +e. + On| S| Gna | +--+ + Lem 
13 (2798) 
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the expression on the left is also arbitrarily small, and so the 
original series La, converges. In this case the original series is 


v= 1 
said to be absolutely convergent. Its convergence is due to the 
numerical smallness of its terms and does not depend on the 
change of the signs. 

If, on the other hand, the series with all the terms taken 
positively diverges and the original series still converges we say 
that the original series is conditionally convergent. Conditional 
convergence results from the terms of opposite signs compen- 
sating one another. 

For conditional convergence Leibnitz’s convergence test is 
frequently useful: 

If the terms of a series are of alternating sign and in addition 
their absolute values |a,| tend monotonically to 0 (so that 


| Qnt1 | <| an|), the series Z a, converges. (Example: Gregory’s 
vert 
series (p. 352)). 
In the proof we assume that a, > 0, which does not essentially 
limit the generality of the argument, and write our series in the 


form 
b, — b+ b;—+...,; 


where all the terms 0, are now positive, 6, tends to 0, and the 
condition 0,4, <b, is satisfied. If we bracket the terms 
together in the two ways 


by — (bg — bs) — (by — 8) — os 
and (by — bg) + (bg — 4) + (65 — B5) +. - 


we see at once that the two following relations are satisfied 
by the partial sums: 


81 > Sg > 85 > 2 - > Samy > oo 
By < 84 <5 <2. <Sam<.0.e 


On the other hand, san < Sgnt1 <8 80d Son41 > San > 8. The 
odd partial sums s,, 3, .. . therefore form a monotonic decreasing 
sequence, which in no case falls below the value s,; hence this 
sequence possesses a limit LZ (p. 61). The even partial sums 
Say Sq, --. likewise form a monotonic increasing sequence whose 
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terms in no case exceed the fixed number s,, and therefore this 
sequence must have a limiting value LZ’. Since the numbers 52, 
and 8,4, differ from one another only by the number Opn41 
which approaches 0 as n increases, the limiting values L and L’ 
are equal to one another. That is, the even and the odd partial 
sums approach the same limit, which we now denote by S (cf. 
fig. 1). This, however, implies that our series is convergent, as 
was asserted; its sum is S. 

In conclusion, we make another general remark about the 
fundamental difference between absolute convergence and con- 
ditional convergence. We consider a convergent series Da, 

vel 
We denote the positive terms of the series By Pry Por Par + 
and the negative terms ay —, Io, —Yg,--- . If we form the 


n-th partial sum s,, = z Ra of the given series, a certain number, 
say n’, of positive terms ‘and a certain number, say n”, of nega- 


S 


Sz Sg Sa Se Sp Sp Ss Ss Sy 
Fig. 1.—Convergence of an alternating series 


tive terms must appear, where n’+n” =n. Further, if the 
number of positive terms as well as the number of negative terms 
in the series is infinite, then the two numbers n’ and n” will 
increase beyond all bounds as n does. We see immediately that 


the partial sum s,, is simply equal to the partial sum z Pp of the 


positive terms of the series plus the partial sum a5 g, of the 
you] 


negative terms. If the given series converges absolutely, then 


the series of positive terms & p, and the series of absolute values 


of the negative fers 2 A certainly both converge. For as m 


increases the partial sums z 'P. and Dy g, are monotonic non- 


v=] 


decreasing sequences with the upper bound z | a,]. 
v= 1 


The sum of an absolutely convergent series is then simply equal 
to the sum of the series consisting of the positive terms only plus the 
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sum of the series consisting of the negative terms only, or, in other 
words, bd equal i the difference of the two series with positive terms. 


For = a, = 5 2,— = 43 as ” increases n’ and n’”’ must also 
vel vel 
increase beyond all boards: and the limit of the left-hand side 
must therefore be equal to the difference of the two sums on 
the right. If the series contains only a finite number of terms of 
one particular sign the facts are correspondingly simplified. If, 
on the other hand, the series does not converge absolutely, but 


does converge conditionally, then the series > Pe and x Ao must 


both be divergent. For if both were eorverpent the gave would 
converge absolutely, contrary to our hypothesis. If only one 


diverged, say & p,, and the other converged, then separation into 
yen) 
wv n” 
positive and negative parts, s,—= 2 p,— X q,, shows that the 
v=1 v=1 
rf 
series could not converge; for as m increases n’ and = Po would 


increase beyond all bounds, while the term = am ee approach 


a definite limit, so that the partial sum s,, would} increase beyond 
all bounds. 

We see, therefore, that a conditionally convergent series cannot 
be thought of as the difference of two convergent series, the one con- 
sisting of its positive terms and the other consisting of the absolute 
values of its negative terms. 

Closely connected with this fact there is another difference 
between absolutely and conditionally convergent series which 
we shall now briefly mention. 


3. Rearrangement of Terms. 


It is a property of finite sums that we can change the order 
of the terms or, as we say, rearrange the terms at will without 
changing the value of the sum. The question arises, what is the 
exact meaning of a change of the order of terms in an infinite 
series, and does such a rearrangement leave the value of the sum 
unchanged? While in the case of finite sums there is no difficulty, 
for example, in adding the terms in reverse order, in the case of 
infinite series such a possibility does not exist; there is no last 
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term with which to begin. Now a change of order in an infinite 
series can only mean this: we say that a series a, + a,+a,+... 
is transformed by rearrangement into a series b, + b,-+- bg+..., 
provided that every term a, of the first series occurs exactly 
once in the second and conversely. For example, the amount by 
which a, is displaced may increase beyond all bounds as n does; 
the only point is that it must appear somewhere in the new series. 
Ji some of the terms are moved to later positions in the series, 
other terms must, of course, be moved to earlier positions. For 
example, the series 


LegtPt+ P+ P+ P+ P+ Ft Ptget... 


isa rearrangement of the geometric series 1 + q+ g?-+. 

With regard to change of order there is a fandamental ‘dis. 
tinction between absolutely convergent series and conditionally 
convergent series. 

In absolutely convergent series rearrangement of the terms does 
not affect the convergence, and the value of the sum of the series is 
unchanged, exactly as in the case of finite sums. 

In conditionally convergent series, on the other hand, the value 
of the sum of the series can be changed at will by suitable rearrange- 
ment of the series, and the series can even be made to diverge if 
desired. 

The first of these facts, referring to absolutely convergent 
series, is easily established. Let us assume to begin with that our 
series has positive terms only, and let us consider the n-th partial 


n 
sum s,—= 2 a,. All the terms of this partial sum occur in the 


vel 


m-th partial sum ¢t,,—= 2 6, of the rearranged series, provided 
vexl 


only that m is chosen large enough. Hencet, => s,. On the 
other hand, we can determine an index n’ so large that the 


Ww 
partial sum s,,= 2a, of the first series contains all the terms 


v=1 
by, 5y,...,5 6m. It then follows that t,,<s,,< A, where A is 
the sum of the first series. Thus for all sufficiently large values 
of m we have s, St,, << A; and since s, can be made to differ 
from A by an arbitrarily small amount, it follows that the 
rearranged series also converges; and in fact to the same limit 
A as the original series. 
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If the absolutely convergent series has both positive and 
negative terms, we may regard it as the difference of two series 
each of which has positive terms only. Since in the rearrange- 
ment of the original series each of these two series merely under- 
goes rearrangement and therefore converges to the same value 
as before, the same is true of the original series when rearranged. 
For by the case just considered the new series is absolutely 
convergent and is therefore the difference of the two rearranged 
series of positive terms. 


To the beginner the fact just proved may seem a triviality. That it 
really does require proof, and that in this proof the absolute convergence is 


essential, can be shown by an example of the opposite behaviour of con- 
ditionally convergent series. We take the familiar series 


es Ge ee Ge ee | 
| mre a oe —...=log2. 
at3—ats eta at e 


under it write the result of multiplication by the factor ; 


1 1 1 1 1 
= -s = —=+— ...= = log, 
2 a T5 gt 28 
and add, combining the terms placed in vertical columns.* We thus obtain 
bot ek. 2b 1d 1 1 3 
=—=+24=i2— 4-4 _——- —...= = log2. 
Me gt als G06 1-6 2 °8 


This last series can obviously be obtained by rearranging the original 
series, and yet the value of the sum of the series has been multiplied by 
the factor 3/2. It is easy to imagine the effect that the discovery of this 
apparent paradox must have had on the mathematicians of the eighteenth 
century, who were accustomed to operate with infinite series without 
regard to their convergence. 


We shall give the proof of the theorem stated above concern- 
ing the change in the sum of a conditionally convergent series 
which arises from change of order of the terms, although we shall 
have no occasion to make use of the result. Let p,, pz, ... be the 
positive terms and —gq,, —gs,...the negative terms of the 
series. Since the absolute value | a, | tends to 0 as n increases, 
the numbers p, and g, must also tend to 0 as n increases, As 


* For the addition of series see No. 4, p. 376. 
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we have already seen, moreover, the sum* x p, woust diverge, 


and the same is true of E4,. 


Now we can easily find a rearrangement of the original series 
which has an arbitrary number a as limit. Suppose, to be specific, 
that a is positive. We then add together the first n, positive 


terms, just enough to secure that the sum 3 p, is greater than a. 


Since the sum Ze, increases with n, ai all bounds, it is 


always possible iy using enough terms to make the partial 
sum greater than a. The sum will then differ from the exact 
value a by p,, at most. We now add quse enough negative terms 


—¥4, to ensure that the sum Ep, Ey, is less than a; this 
is also possible, as follows from thie ee of the series Eq, 
The difference between this sum and a is oe Im, 6 most. We 


now add just enough other positive terms > Pe to make the 


mt 
partial sum again greater than a, as is again possible, since the 


series of positive terms diverges. The difference between the 
partial sum and a@ is now p,, at most. We again add just 


ms 
enough negative terms — & q,, beginning next after the last 
1 


m+ 
one previously used, to make the sum once more less than a, 
and continue in the same way. The values of the sums thus 
obtained will oscillate about the number a, and when the process 
is carried far enough the oscillation will only take place between 
arbitrarily narrow bounds; for since the terms p, and g, them- 
selves tend to 0 when v is sufficiently large, the length of the 
interval in which the oscillation takes place will also tend to 0. 
The theorem is thus proved. 

In the same way we can rearrange the series in such a way 
as to make it diverge; we have only to choose such large 
numbers of the positive terms as compared with the negative 
that compensation no longer takes place. 


wo 
* This abbreviated notation for X p,, and analogous expressions for 
v=1 


other series, will often be used in future. 
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4. Operations with Infinite Series. 


It is clear that two convergent infinite series a,-}- a, -+...= 8 
and 6, +6,+...=Z can be added term by term, that is, 
that the series formed from the terms c, =a, + b, converges 
and has the value S+ T for its sum.* For 


Ze= Lat), >S84+7. 
yl v=1 y=] 

It is also clear that if we multiply each term of a convergent 
infinite series by the same factor the series remains convergent, 
its sum being multiplied by the same factor. 

In the cases just mentioned it is immaterial whether the 
convergence is absolute or conditional. On the other hand, 
further study, which is not necessary for us here, shows that 
if two infinite series are multiplied together by the method 
used in multiplying finite sums together, the product series 
will not usually converge or have the product of the two sums 
for its sum unless at least one of the two series is absolutely 
convergent (cf. appendix, p. 415). 


ExaMPLeEs 


1. Prove that 3 1 BA Re Lore ee Re ee 


wa viv+l) 1.2" 2.38" 3.4 
= 1 1 

2. Prove that OD — WW = | 

ver V(V+1)(v+2) 4 


2 > 2v + 3 = 
3. Prove that = (—1) (V+ 1)(v+ 2) 


1. 


4, For what values of « does the series 1 — a+ _— = +... 


1 
converge? 3¢ 40 


5.* Prove that if Za, converges, and 8, = a, -+ @g+...+ ay, then 
the sequence yet 
8 + & +...+ 8y 
N 


also converges, and has La, as its limit, 
vel 


6. Is the series X G5 - =) convergent? 


n=l 


7. Is the series Z (—1)” 


¥ convergent? 
vet v+1 


* This theorem is really nothing more than another statement of the fact 
(cf. Chap. I, § 6, p. 41) that the limit of the sum of two terms is the sum of 
their limits. 
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2. Tests FoR CONVERGENCE AND DIVERGENCE 


We have already met with a test of a general nature for the 
convergence of series, which applies to series with terms of alter- 
nating signs and decreasing absolute value and which asserts 
that such series are at least conditionally convergent. In the 
following pages we shall only consider criteria referring to absolute 
convergence. 


l. The Comparison Test. 


All such considerations of convergence depend on the com- 
parison of the series in question with a second series; this second 
series is chosen in such a way that its convergence can readily 
be tested. The general comparison test may be stated as follows: 


If the numbers b,, be,...are all positive and the series z b, 
converges, and tf omit 
| a, | s by 


for all values of n, then the series D> a, 13 absolutely convergent. 


n=1 
If we apply Cauchy’s test the proof becomes almost trivial. 
For if m = n, we have 


[@n+ +++ am] Slan|+...+|am| S bat... + Dyn 


Since the series 5 b, converges, the right-hand side is arbitrarily 


n=] 

small, provided that » and m are sufficiently large. It follows 
that for such values of n and m the left-hand side is also arbi- 
trarily small, so that by Cauchy’s test the given series converges. 
The convergence is absolute, since our argument applies 
equally well to the convergence of the series of absolute values 
| a, [. 

The analogous proof for the following fact can be left to the 
reader. If 

| a, | = b, > 0, 


Ld @ 
and the series & b, diverges, then the series Xa, is certainly not 
n=1 n=1 
absolutely convergent. 
13° (2798) 
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2. Comparison with the Geometric Series. 


In applications of the test the comparison series most 
frequently used is the geometric series. We at once obtain the 
following theorem: 


The series ¥ a, ts absolutely convergent of from a certain term 
n=1 
onward a relation of the form 
| an] <q” (I) 


holds, where c is a positive number independent of n and q is any 
fixed positive number less than 1. 
This test is usually expressed in one of the following weaker 


forms: the series = a, converges absolutely, if from a certain 
n=1 
term onward a relation of the form 


Ont 
an 


<q (IIa) 


holds, where q is again a positive number less than 1 and inde- 
pendent of n, or: if from a certain term onward a relation 
of the form 


V|aal <q (IIb) 
holds, where q is a positive number less than 1. In particular, 


the conditions of these tests are satisfied if a relation of the 
form 


lim | #1) =h<1 ) (IIIa) 
nro an 

or 
lim V]a,|=k<1 (IIIb) 
n—>@o 


is true. These statements are easily established in the following 
way. 

Let us suppose that the criterion IIa, the ratio test, is satisfied 
from the suffix n) onward, that is, when n>. For brevity 
we put Gy imei = 0, and find that 


Lal <q ool, [oi<alal<@l ol, lal<gla|<¢@|d |, 


and so on; hence 
|on| <9" | |, 
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which establishes our statement. For the criterion IIé, the 
root test, we at once have | a, | <q", and our statement follows 
immediately. 

Finally, in order to prove criterion III, we consider an arbi- 
trary number g such that k<q<1. Then from a certain 
nt) < q or 


an 


onward, that is, when > mg, it is certain that jae 


VAL |a,| <4, as the case may be, since from a certain term 


onwards the values of |-"“4] or of [as] | dy | differ from & by less 


than (¢—k). The Pe een is then established by a reference 
to the results already proved. 

We stress the point that the four tests derived from the 
original criterion | a, | < cg" are not equivalent to one another 
or to the original, that is, that they cannot be- derived from 
one another in both directions. We shall soon see from examples 
that if a series satisfies one of the conditions, it need not by any 
means satisfy all the others.* 

For completeness it may be pointed out that a series cer- 
tainly diverges if from a certain term onward 


|a,|>e 
for a properly chosen positive number c, or if from a certain term 
onward 
Vla,|>1, 
or if lim |*+1) — %, or Jim VJa,|] = 
n—>o an 


where & is a number greater than 1. For, as we immediately 
recognize, in such a series the terms cannot tend to zero as n 
increases; the series must therefore diverge. (In these circum- 
stances the series cannot even be conditionally convergent.) 

Our tests furnish sufficient conditions for the absolute con- 
vergence of a series; that is, when they are satisfied we can con- 
clude that the series converges absolutely. They are definitely 
not necessary conditions, however; that is, absolutely convergent 
series can be found which do not satisfy the conditions. 

* More exactly: if [IIa is fulfilled, then Ia is fulfilled; if IIIb, then ITd; 


if Ifa, then IIIb; if Ta, then IIb; and if any of the four is satisfied, then so 
is I. None of these statements can be reversed. 
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For example, the knowledge that 
lim 


u>o 


Onty 


=1 or lmV]a,[=1 
an 


n—>o 


does not entitle us to make any statement about the convergence 
of the series. Such a series may converge or diverge. For 
example, the series 


Se 
n=l 
for which lim V |a,|=1 and lim Gata 1, is divergent, 
n—> n—>w| By 


as we saw on p. 368. On the other hand, we shall soon see that 


os) 
the series & ~s 
nmin 


vergent. 


which satisfies the same relations, is con- 


As an example of the application of our tests we first consider the 
series 


Qt 27+ 3+ ...+ ng™+.... 


For this series 
lim V|a,|= ||. lim V/n=|q|, 
a> a—>o 
tim |%#| = |g]. lim ™ +} 9), 
n—>o | Ay rn—>-o nN 


That the series converges if | q| <1 follows from the ratio test and from 
the root test also, even in the weaker form III. 
If, on the other hand, we consider the series 


L+ g++ Wet... gmt Wimrt+ ..., 
we can no longer prove convergence by the ratio test when } S| q| <1; 


an-f2 
for then | =2/|q¢|21. But the root test immediately gives us 
q 


lim 4/ |a,|=|¢|, and shows that the series converges provided 
n—>o 
that |g| <1, which, of course, we could also have observed directly. 


2. Comparison with an Integral.* 


We now proceed to a discussion of convergence which is independent 
of the preceding. We shall carry it out for the particularly simple and 
important case of the series 


* In this connexion see also the appendix to Chap. VII (p. 361). 


VHT] CONVERGENCE TESTS 381 


where the general term a, is 1/n*, « being a positive number. In 
order to investigate the convergence or divergence of this series, we 
consider the graph of the function y = 1/2* and mark off on the z-axis 
the integral abscisse r=1,2=2,.... We first 
construct the rectangle of height 1/n* over the interval 
n—1S3237n of the z-axis (n > 1), and compare it 
with the area of the region bounded by the same 
interval of the z-axis, the ordinates at the ends, and 
the curve y = 1/a* (this region is shown shaded in 
fig. 2). Secondly, we construct the rectangle of height 
1/n* lying above the interval n<a<n+ 1, and 
similarly compare it with the area of the region lying 
above the same interval and below the curve (this 
region is cross-hatched in fig. 2). In the first case the 
area under the curve is ob- 
viously greater than the 
area of the rectangle; in the 
second case it is less than 
the area of the rectangle. In 


re) é ieee other words, 
n- n n+ x 
; : ee ete de 1 " dz 
Fig. 2.—Comparison of a series with an integral —-<-< 7 a 
n ae n nl Lo 


as we may also prove directly from the integral itself (cf. Chap. IT, § 7, p. 129). 
Writing down this inequality for n = 2, = 3,...,~ = mand summing, 


we obtain the following estimate * for the m-th partial sum &n = so, 


a nel Nn 
mth dz " dx 
1 f — <8, <1 Ai — 
* a ” a 1 a 


ae | 
Now as m increases the integral f ye tends to a finite limit or increases 
1 


without limit according as « > 1 or a <1. Consequently the monotonic 
sequence of numbers ,, is bounded or increases beyond all bounds accord- 
ing as « > 1 or « S 1, and we thus have the following theorem: 


* From this relation for a = 1 it follows at once that the sequence of 
numbers On~1+ 3 +5 +..0t+ 2 ~ logn is bounded below. Since from the 
1 n+] dy 
car f aon log (n + 1) — logn we see that the sequence 
is monotonic decreasing, it must approach a limit 
1,1 


; : 1 
Bari Pare ta tgt--. +5 logn) =O. 


inequality 


The number C, whose value is -6772..., is called Euler's constant. In 
contrast to the other important special numbers of analysis, such as 7 and e 
no other expression with a simple law of formation has been found for Euler's 
constant. 
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The series 

y iL 1 1 1 

>» — = = —_ eee 

nw nt jet gat get 
ts conuergent—and, of course, absolutely convergent—if, and only if, « > 1. 

The divergence of the harmonic series, which we previously proved 

in a different way, is an immediate consequence of this. In particular, 
we see that the series 


1 1 1 
ptm tgate:: > 


| re eee 
pBtoatgt--: 


converge, 


2-1 

The series X e, whose convergence we have just studied, frequently 
v=1 

serve as comparison series in investigations of convergence. For example, 


eo 
we see at once that for « > 1 the series & = converges absolutely if the 
v=1 
absolute values | ¢,| of the coefficients remain less than a fixed bound 
independent of v. 


EXAMPLES 

Find whether the series in Ex. 1-6 are convergent or not: 

C-) ] hed 1 

. ——., 4.*  —— fix: 

ee rey yaa ogy? See 

2 vt! $ 1 
ss ian vw : ym (log v)!or¥* 

ao @o 
a peel 

v=1 Vv(v + 1) v=] 2” 


Estimate the error after n terms of the series in Ex. 7-10: 


fs) —_—Jwti ) 
elas wu 
vel v v=1V 
sacle | v 
8% L 10. — 
yl vi taal 2 
2 1 
1l. Prove that <= sin? [ =(v + | converges. 
veal 


oa a 
12. Does XZ e~”* (that is, 142 XZ e-’) converget 


v= —@O veal 


wo 
13.* Prove that = 
esl. ya v(log v)* 


converges when « > 1 and diverges when 
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1 
14.* Prove that 5 n=: CONVerges When « > 1 and diverges 
when @< 1. y=3 ¥ logy (log log v) 


15. Prove that if u, 20 (¢= 1, 2, 3,...) and 5 Fa) converges, then 


z u? also converges. 
fi 


16. Show that if E a,2 and = be both converge, aa 3 ue also 


converges. kel k= 
17. Prove that 
1 2,1,1 2,1 1 
Pg gag eo oe teed 
1 2 
———. — ———_ + ... = log3. 
+ oe e Best - 
18.* Prove that if n is an arbitrary integer greater than 1 
oan 
x —~ = logn, 
yel V 


where a,” is defined as follows: 


i 1 if n is not a factor of v, 
ov" = \—(n — 1) if 2 is a factor of w 


8. SEQUENCES AND Serres or FUNCTIONS 


1. General Remarks. 


The terms of the infinite series hitherto considered have been 
constants; hence these series (when convergent) always repre- 
sented definite numbers. But both in theory and in applications 
tne series of outstanding importance are those in which the terms 
are functions of a variable, so that the sum of the series is also 
a function of the variable, as in the case of Taylor series. 

We shall therefore consider a series 


91(%) + go() + 93(z) +... 


in which all the functions g,(z) are functions defined in an interval 
as2=<b. The wth partial sum of this series, 


(2) + ge(Z) +. -- + galz), 


we denote by f,(z). Then the sum f(z) of our series, where it 
exists, is simply the limit lim /,(z). 
n> oo 


384 INFINITE SERIES [Cuar. 


We may therefore regard the sum of an infinite series of func- 
tions as the limit of a sequence of functions f,(2), fo(z),..-5 
Fn{z),«... Conversely, for any such sequence of functions 
Fi(z), f(z), ... we can form an equivalent series by putting 
gu(2) = f,(0) and gq(z) = f(z) —fy«(z) for n>1. When it 
is convenient, therefore, we can pass from the consideration of 
series to that of sequences and conversely. 


2. Limiting Processes with Functions and Curves. 


We shall now state exactly what we mean by saying that a 
function f(x) is the limit of a sequence f,(z), fo(x),..., fala), « « 
in an interval a z<b. The definition is as follows: the 
sequence f(x), f,(x),... converges in that interval to the limit 
function f(z), if at each point x of the interval the values f,(z) 
converge in the usual sense to the value f(z). In this case we 
shall write lim f,(z) = f(x). According to Cauchy’s test (cf. p. 40) 

n—>o 


we can express the convergence of the sequence without 
necessarily knowing or stating the limit function f(x). For 
our sequence of functions will converge to a limit function if, 
and only if, at each point « in our interval and for every posi- 
tive number ¢ the quantity | f,(x) — f,,(x) | is less than «, pro- 
vided that the numbers ” and m are chosen large enough, that 
is, larger than a certain number N = N(c). This number N(e) 
usually depends on « and z and increases beyond all bounds as « 
tends to zero. 

We have frequently met with cases of limits of sequences of 
functions. We mention only the definition of the power 2* for 
irrational values of a by the equation 

a* = limgtn, 
n—>o 
where 1, %%,.++, Tn).+-i8 @ sequence of rational numbers 
tending to a; or the equation 
et = lim (1+ 4) i 
n—>@ nN. 
where the functions f,(x) on the right are polynomials of degree n. 

The graphical representation of functions by means of curves 
suggests that we can also speak of limits of sequences of curves, 
saying, for example, that the graphs of the above limit functions 
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x and e* are to be regarded as the limit curves of the graphs of 
the functions x and ( + “y respectively. There is, however, 
n 


a fine distinction between passages to the limit with functions 
and with curves. Until the middle of the nineteenth century 
this distinction was not sufficiently observed; only by having 
a clear idea of it can we avoid apparent paradoxes. We shall 
illustrate this point by an example. 


For this purpose we consider the 
functions 


f,(z) = a” (n = 1, 2,...) 


in the interval O S21. All these 
functions are continuous, and the 
limit function lim f,(x) = f(z) exists. 


But this linge tanetion is not con- 
tinuous. On the contrary, since 
for all values of n the value of the 
function f,(1) = 1, the limit 


fM)=1; Fig. 3.—Limit curve and limit function 
while, on the other hand, for 0 < x < 1, the limit f(z) = lim f,(x)= 0, 
n © 


as we saw in Chap. I, § 5 (p. 33). The function f(z) is therefore a discon- 
tinuous function which at z= 1 has the value 1 and for all other values 
of x in the interval has the value 0. : 

This discontinuity becomes intelligible if we consider the graphs C, 
of the functions y = f,(x). These (cf. fig. 16, p. 33) are continuous curves, 
all of which pass through the origin and the point z = 1, y = 1, and which 
draw in closer and closer to the z-axis as m increases. The curves possess 
a limit curve C which is not discontinuous at all, but consists (cf. fig. 3) 
of the portion of the z-axis between z= 0 and z= 1, and the portion of 
the line z = 1 between y= Q and y= 1. The curves therefore converge 
to a continuous limit curve with a vertical portion, while the functions 
converge to a discontinuous limit function. We thus recognize that this 
discontinuity of the limit function expresses itself by the occurrence in 
the limit curve of a portion perpendicular to the z-axis. Such a portion 
must involve a discontinuity in the limit function, and, in fact, such a 
portion is always present when the limit function is discontinuous. This 
limit curve is nof the graph of the limit function, nor can any curve with 
a, vertical portion be the graph of any single-valued function y = S (2); 
for corresponding to the value of 2 at which the vertical portion occurs 
the curve gives an infinite number of values of y and the function only 
one. Hence the limit of the graphs of the functions f,(z) is not the same 
as the graph of the limit f(x) of these functions. 

Corresponding statements, of course, hold for infinite series also. 
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4. Untrorm anp Non-unrrorM CoNVERGENCE 


1. General Remarks and Examples. 


The distinction between the concept of the convergence of 
functions and that of the convergence of curves introduces a 
phenomenon which it is essential that the student should 
clearly recognize. This is the so-called non-uniform conver- 
gence of sequences or infinite series of functions. Since it is well 
known that beginners usually find difficulties here, we shall 
discuss the matter in some detail. 


Fe 
“Sy yf (20) 
1 Y= F(x)-E 


Z 


maw rest ene 
we com tc emcw reece 


a 
Fig. 4.—To illustrate uniform convergence 


That a function f(x) is the limit of a sequence f,(z), fi(z), ... 
in an interval a <a <b means only, by definition, that the 
usual limit relationship f(x) = lim f(x) holds at each point « of the 

n—->o 


interval. From a naive point of view one might expect that the 
following fact would automatically follow from this concept of 
convergence: if we assign an arbitrary degree of accuracy, say 
1 1 Seed 
©= F000 % 6 = Toy then from a certain index N onward all 
the functions f,,(x) will lie between f(z) + ¢ and f(z) — ¢ for all 
values of z, so that their graphs y = f,(x) will lie entirely in 
the strip indicated in fig. 4. That is to say, for every positive e 
there is a corresponding number N = N(e), which, of course, 
will ordinarily increase beyond all bounds as « -> 0, such that 
for n> N the difference | f(z) —f,(z)| << ¢, no matter where 
z is chosen in the interval. (If this condition is fulfilled, then 
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| Fn(2) — fm(%) | <2e for all values of x, provided that n and m 
are both greater than N.) If the accuracy of the approximation 
can be made at least equal to a pre-assigned number ¢ everywhere 
in the interval at the same time, that is, by everywhere choosing 
the same number N(e) independent of 2, we say that the 
approximation is uniform. One is at first astonished to find that 
the naive assumption that convergence is necessarily uniform is 
entirely wrong; in other words, that convergence may very well 
be non-uniform. 


Ex. 1. Non-uniform convergence occurs in the case of the sequence 
of functions just considered, f,(x) = 2"; in the interval OS 21 this 
sequence converges to the limit function f(x) = 0 forO S2<1,f(l)=1. 
Convergence occurs at every point in the interval; that is, if e is any posi- 
tive number, and if we select any definite fixed value x= &, the 
inequality | & — f(&)| < e certainly holds if is sufficiently large. Yet 
this approximation is not uniform. For, if we choose «= 4, then 
no matter how large the number n is chosen, we can find a point 
z=%7+1 at which | 4" — f(n)|= 7" > 4; this is, in fact, true for 
all points = » where 1 > y > +/}. It is therefore impossible to choose 
the number n so large that the difference between f(z) and J,(x) is less 
than } throughout the whole interval. 

This behaviour becomes intelligible if we refer to the graphs of these 
functions (fig. 3, p. 385). We see that no matter how large a value of n we 
choose, for values of & only a little less than 1 the value of the function 
f,(&) will be very near 1, and therefore cannot be a good approximation to 
f(&), which is 0. 

Similar behaviour is exhibited by the functions 


1 
hl) = 
in the neighbourhood of the points = 1 and z= —1; this can easily 
be established. (Compare also the discussion in Chap. I, § 8 (p. 52)). 
Hx. 2. In the two examples above the non-uniformity of the conver- 
gence is connected with the fact that the limit function is discontinuous. 
Yet it is also easy to construct a sequence of continuous functions 
which do converge to a continuous limit function, but not uniformly. 
We restrict our attention to the interval 0 <a <1 and make the follow- 
ing definitions for n > 2: 
f,(z) = xn? for OSaS La 
n 
2 
un 


Finx(%) = (= -=) n* for “Ses 


felt) = 0 for 2 sesh 
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where to begin with we can choose any value for «, but must then 
keep this value of « fixed for all terms of the sequence. Graphically 
our functions are represented by a roof-shaped figure made of two line 
segments lying over the interval 0 Sz SX 2/n of the z-axis, while from 
x == 2/n onwards the graph is the z-axis itself (cf. fig. 5). 

If « < 1, the altitude of the highest point of the graph, which has in 
general the value n*—1, will tend to 0 as ” increases; the curves will then 
tend towards the z-axis, and the functions f,(z) will converge uniformly 
to the limit function f(x) = 0. 

if « = 1, the peak of the graph will have the height 1 for every value 
of n. If « > 1, the height of the peak will increase beyond all bounds as 
nm increases. 

But no matter how « is chosen, the sequence f,(z), f(z), ... always 
tends to the limit function f(z) = 0. For, if x is positive, for all sufficiently 


Fig. 5.—To illustrate non-uniform convergence 


large values of m we have 2/n < x, so that x is not under the roof-shaped 
part of the graph and Fnl2) = 0; for = 0 all the functional values f,() 
are equal to 0, so that in either case Hes Sal) = = 0. 


The convergence is certainly Roeneantarits however, if « 21; for it 
is plainly impossible to choose 7 so large that the expression | f(x) — f,,(z) | 
= f,(x) is less than 4 everywhere in the interval. 

Ez. 3. Exactly similar behaviour is exhibited by the sequence of 
functions (cf. fig. 6) 

F(x) = ante, 


where, in contrast with the preceding case, each function of the sequence is 
represented by a single analytical expression. Here again the equation 
ae t Fula) = 0 holds for every positive value of x, since as n increases the 


fanotion e-"@ tends to 0 to a higher order than any power of 1/n (cf. Chap. 
ITI, § 9, p. 192). For x = 0, we have always oe = 0, and thus 


f(z) = lim f,(z)= 
a—>o 
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for every value of x in the interval 0 Sz Xa, where a is an arbitrary 
positive number. But here again the convergence to the limit function 


is not uniform, For at the point z= i (where f,(z) has its maximum) 
n 


we have 
fie= te) = 


and we thus recognize that if « 21, the convergence is non-uniform; 
for every curve y = f,,(z), no matter how large n is chosen, will contain 


points (namely, the point z= S which varies with n, and neighbouring 
points) at which J,(z) — f(z) = Ja(t) > 2 


Mm wih tieeniae mek eewe mkna eee 


Fig. 6 


Ez. 4, The concepts of uniform and non-uniform convergence may, 
of course, be extended to infinite series. We say that a series 


91(%) + Go(Z) +... 


is uniformly convergent, or not, according to the behaviour of its partial 
sums f,(z). A very simple example of a non-uniformly convergent series 
is given by 


23 Pd 2 
fo-*+ Treat apap t apap te: 
: Foal 
For «= 0 every partial sum ful@) = ho ta has the 


value 0; therefore f(0)= 0. For z+ 0 the series is simply a geometric 


<1; we can therefore sum it by the 


series with the positive ratio i 


+2 
elementary rules and thus obtain for every x + 0 the sum 
2 
——___ = 1+ 2% 
1— 1/1 + 2) mA 


The limit function f(z) is thus given everywhere except at x= 0 by the 
expression f(x) = 1+ 2%, while f(0)= 0; it therefore has a somewhat 
artificial-looking discontinuity at the origin. 
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Here again we have non-uniform convergence in every interval con- 
taining the origin. For the difference f(x) — f,,(2) = 1,(x) is always 0 for 
x= 0, while for all other values of z it is given by the expression 
1,(%) = Ta as the reader may verify for himself. If we require 
this expression to be less than, say, 4, then for each fixed value of z this 
can be attained by choosing n large enough. But we can find no value of 
n sufficiently large to ensure that 1,(x) is everywhere less than 4; for if 
we fix upon any value of n, no matter how large, we can make r,(x) greater 
than } by taking 2 near enough to 0. A uniform approximation to within 
4 is therefore impossible. The matter becomes clear if we consider the 
approximating curves (cf. fig. 7). These curves, except near x = 0, lie 


Fig. 7 


nearer and nearer to the parabola y = 1 + 2* as n increases; near 2 = 0, 
however, the curves send down a narrower and narrower extension to 
the origin, and as n increases this extension draws in closer and closer to 
a certain straight line, a portion of the y-axis, so that for limiting curve 
we have the parabola plus a linear extension reaching vertically down 
to the origin. 

As a further example of non-uniform convergence we mention the 


oe 
series & g,(x), where g,(z) = 2” — #’—1 for v => 1, g,(x) = 1, defined in 
v=0 
the interval O21. The partial sums of this series are the functions 
a” already considered in the first example (p. 387). 
2. A Test of Uniform Convergence. 


The preceding considerations show us that the uniform con- 
vergence of a sequence or series is a special property not possessed 
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by all sequences and series. We shall now formulate the concept 
of uniform convergence again. The convergent series 


G() + 92) +: 


is said to be uniformly convergent in an interval if the sum f(z) 
can be approximated to within ¢ (where ¢ is an arbitrarily small 
positive number) by taking a number of terms which is suffi- 
ciently large and which is the same throughout the interval. 

We suppose first that the series g,(x) + g,(z) +... converges 
at every point of a certain interval to a limit function f(x); by 
J.(z) we denote the n-th partial sum of the series, f,(z)= 
9i(z) ++ ...+ ga(x), and by R,(x) the remainder of the series 
after n terms, 


R(x) =f (@) — fal2). 


The series g,(x) + g.(x)-+...%s said to be uniformly con- 
vergent in the interval if to every positive number e there corresponds 
a number N, dependent on « alone and not on x, such that for n > N 
the inequality | R(x) | = | £(x) — £,(x)| <€ holds for all values 
of x tn the interval. 

Expressed more pictorially, the partial sum f,(x) represents 
the sum f(x) to within an error of less than ¢ everywhere in the 
interval at the same time, provided only that is chosen large 
enough. By Cauchy’s test we readily see that the series converges 
uniformly if, and only if, the difference | f,(x) — f,,(x) | can be 
made less than an arbitrary quantity ¢ everywhere in the interval 
by choosing » and m larger than a number N independent of =. 
For, firstly, if the convergence is uniform we can make 
| faz) — f(#) | and | f,,(%) — f(x) | both less than ¢/2 by choosing 
n and m greater than a number WN independent of z, from which 
it follows that | f,(z)—fm(x)|<¢; andsecondly,if| fx(2) —fn(a) |<e 
for all values of z whenever n and m are greater than W, then on 
choosing any fixed value of n > N and letting m increase beyond 
all bounds we have the relation 


| fu) — F(z) | = Fault) — fml2) | S €, 


for every value of z, so that the convergence is uniform. 
If we wish to speak of the uniform convergence of a sequence 
of functions we need make only trifling changes in the above 
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definition; the sequence f,(z), f,(z),... converges uniformly to 
f(«) in an interval if the difference | f(z) — f,(z) | can be made 
less than ¢ everywhere in the interval by choosing n greater 
than a number WN independent of z. As above, a necessary and 
sufficient condition for the uniform convergence of the sequence 
is that | f,(2) — fm(x) | < ¢ for all values of z when m and m are 
both greater than a certain number N dependent on ¢ but not 
on &. 

We shall soon see that it is just this condition of uniform 
convergence that makes infinite series and other limiting pro- 
cesses with functions into convenient and useful tools of analysis. 
Fortunately, in the limiting processes usually encountered in 
the calculus and its applications, non-uniform convergence is a 
sort of exceptional phenomenon which will scarcely trouble us 
in our present applications of analysis. 

In most cases the uniformity of convergence of a series is 
established by means of the following criterion: 


If the terms of the series = g,{) satisfy the condition | g,(x)|Sa,, 
where the numbers a,, are Ciniiante which form a convergent series 
> a,, then the series = g(x) converges uniformly (and, we may 
snioidendally remark, absolutely). 

For we then have 


m m m 
|= 9(z)|S=| 9(2)|S%a,, 


and since by Cauchy’s test the sum = a, can be made arbitrarily 


von 
small by choosing n and m > n large enough, this exactly ex- 
presses the necessary and sufficient condition for uniform con- 
vergence. 


A first example is offered by the geometric series 1 + 7 + a®+... 
where 2 is restricted to the interval | «| Sq, q being any positive number 
less than 1. The terms of the series are then numerically less than or equal 
to the terms of the convergent geometric series Lg”. 

A further example is given by the “ trigonometric series ” 


ane 8) 4 ame 33) + =e 33) See 
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provided that (c,[ < c, where ¢ is a positive constant independent of n. 
For then we have 


eatin = Ss), so that | g,,(z)| < = 
n 


In{t) = nm 


Hence the uniform and absolute convergence of the trigonometric series 


2c 
follows from the convergence of the series £ ay 
val 


3. Continuity of the Sum of a Uniformly Convergent Series of 
Continuous Functions. 

As we have already hinted, the significance of the uniform 
convergence of an infinite series lies in the fact that a uniformly 
convergent series in many respects behaves exactly like the sum 
of a finite number of functions. Thus, for example, the sum of a 
finite number of continuous functions is itself continuous, and 
correspondingly we have the following theorem: 

If a series of continuous terms converges uniformly in an in- 
terval, its sum is also a continuous function. 

The proof is quite simple. We subdivide the series 

f(@) = (2) + gala) +... 
into the n-th partial sum f,(z) plus the remainder R,(z). As 
usual, f(z) = g,(x) + ...+ ga(z). If now any positive number 
¢ is assigned, we can in virtue of the uniform convergence choose 


the number 7 so large that the remainder is less than </4 through- 
out the whole interval, and hence 


| Bp(z + h) — R,(z) | <5 


for every pair of numbers x and x + h in the interval. The par- 
tial sum /;,(x) consists of the sum of a finite number of continuous 
functions and is therefore continuous; for each point 2 in the 
interval, therefore, we can choose a positive 5 so small that 


| fale + 8) — fal) | <5 


provided | h| < 8 and the points x and x + h lie in the interval. 
It then follows that 


\f(@ + h) — f(z) | =| fae + h) — fae) + Rye + A) — R,(a) | 
S| f.(v + h) — f,(z) | +| Belz + h) — Rela) | <e, 


which expresses the continuity of our function. 
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The significance of this theorem becomes clear when we recall 
that the sums of non-uniformly convergent series of continuous 
functions are not necessarily continuous, as our previous examples 
show. From the preceding theorem we may conclude that if the 
sum of a convergent series of continuous functions has a point 
of discontinuity, then in every neighbourhood of this point the 
convergence is non-uniform. Hence every representation of dis- 
continuous functions by series of continuous functions is based 
on the use of non-uniformly convergent limiting processes. 


4. Integration of Uniformly Convergent Series. 


A sum of a finite number of continuous functions can be 
“integrated term by term”; that is, the integral of the sum 
can be found by integrating each term separately and adding 
the integrals. In the case of a convergent infinite series the same 
procedure is permissible, provided that the series converges 
uniformly in the interval of integration. 


A series 5» g,(x) = f(x) which converges uniformly in an interval 
vol 


can be integrated term by term in that interval: or, more precisely, 
of & and x are two numbers in the interval of uniform convergence, 


the series >» f “g,(t) dt converges, and, in fact, converges uniformly 
with fated: o x for each fixed value of a, its sum bevng equal to 
ff s6yae, 

; To prove this we write as before 


f(a) = g4(c) = fale) + Bal). 


We have assumed that the separate terms of the series are con- 
tinuous; hence by the previous sub-section the sum is also con- 
tinuous and therefore integrable. Now if ¢ is any positive 
number, we can find a number N so large that for every n > N 
the inequality | R,(z) |< holds for every value of x in the 
interval. By the first mean value theorem of the integral calculus 
we have 


is {f@ —Fa(0)} a < el, 
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where 1 is the length of the interval of integration. Since the 
integration of the finite sum f,,(z) can be performed term by term, 


this gives us 
f foa —% Lf asa <d. 


But since el can be made as small as we please, this states that 
- 3 Pg ae= tim 3 [gna= fl soa, 
5 Lom tn 3 [oa [1 


which was to be proved. 
If, instead of infinite series, we wish to deal with sequences 
of functions, our result can be expressed in the following way: 
If in an ‘interval the sequence of functions £,(x), £,(x),... 
tends uniformly to the limit function £(x), then 


[fede = tim f° ffe)ae 
for every pair of numbers a and b lying in the interval; in other 


words, we can then interchange the order of the operations of in- 
tegration and passing to the limit. 


This fact is far from being a triviality. It is true that from a naive 
point of view such as prevailed in the eighteenth century the inter- 
changeability of the two processes is hardly to be doubted; but a glance 
at the examples in No, 1 of this section (p. 387) shows us that in the case 
of non-uniform convergence the above equation might not hold. We 
need only consider Ex. 2 (p. 387), in which the integral of the limit function 
is 0, while the integral of the function f,(x) over the interval 0 <a <1, 
that is to say, the area of the triangle in fig. 5, p. 388, has the value 


i "Sala) de = ne, 


and when « > 2 this does not tend to zero. Here we fnnmedistely, see 
from the aeure that the reason for the difference between f f(x) dx 
and lim “falt) dz lies in the non-uniformity of the convergence. 

On thee other hand, by considering values of « such that 1 <a < 2, 
we see that the equation lim f Fa(e)de = J "f (z)dz can hold good 
although the convergence ia non uaihdee, As a tattle example, the series 
@ 


2 9_(), where g,(x) = x" — 2" for n 21 and g(x) = 1, can be inte- 
0 


396 INFINITE SERIES (Cuap. 


grated term by term between the limits 0 and 1, even though it does 
not converge uniformly. Thus while uniformity of convergence is a 
sufficient condition for term-by-term integrability, it is by no means a 
necessary condition. Neglect of this point may easily lead to misunder- 
standing. 


5. Differentiation of Infinite Series. 


The behaviour of uniformly convergent series or sequences 
with respect to differentiation is quite different from that with 
tespect to integration. For example, the sequence of functions 

J 2 
fic) = a certainly converges uniformly to the limit func- 
n 
tion f(z)= 0, but the derivative f,'(z)=ncosn*x certainly 
does not converge everywhere to the derivative of the limit 
function f’(x) = 0, as we see by considering «= 0. In spite of 
the uniformity of the convergence, therefore, we cannot change 
the order of the processes of differentiation and passing to the 
limit. 

Corresponding statements of course hold for infinite series, 

For example, the series 


sin24x | sin34x 

2? o 3? 
is absolutely and uniformly convergent, for its terms are numeri- 
cally not greater than the terms of the convergent series 


at 5 + iS +... . If, however, we differentiate the series 


sing -++ 


+... 


term by term, we obtain the series 
cosx + 2? cos24z + 3? cos84z +... 


which plainly does not converge everywhere; for example, it 
diverges at a= 0. 
The only useful criterion which assures us in special cases 


that term-by-term differentiation is permissible is given by the 


following theorem: 
If, on differentiating a convergent infinite series X G,(x) = F(x) 
y= Q 
term by term, we obtain a uniformly convergent series of continuous 


terms X g,(x) = f(x), then the sum of this last series is equal to the 
ve 
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derivative of the sum of the first series. This theorem, therefore, 
expressly requires that after differentiating the series term by 
term we must still investigate whether the result of the differen- 
tiation is a uniformly convergent series or not. 

The proof of the theorem is almost trivial. For by the theorem 
in No. 4 (p. 394) we can integrate term by term the series ob- 
tained by differentiation. Recalling that g,(t) = G,’(t), we obtain 


[fou= f° Bamya=F [oy =F (6,2) — oa) 


= F(x) — F(a). 


This being true for every value of « in the interval of uniform 
convergence, it follows that 


f(e) = F'(2), 
which was to be proved. 


EXAMPLES 


1. Show by comparison with a series of constant terms that the follow- 
ing series converge uniformly in the intervals stated: 


(@) e—Apae—ad... (—bSeSh. 
() gVI— a + BVI VI +. VTS, 


(-1S2S)). 
: ei ; 
() ptt. ty. ¥ 


(2) @+ e+... +64... (2525 ~}), 


2. Prove that lim f,(z)—=0, where f,(z) =" _, _1<2<1. 
Prove that the convergence is non-uniform. 1+ nist 
2a 
# ind li : dia SD ee i, 
3.* (a) Fin Pick f,(x), where f,,(x) Ti niet Sas Prove 


that the convergence is non-uniform. Prove that nevertheless | 
1 1 

lim f false) dee = f lim f(z) dz. | 

n—->od_y, -1">% 


(5) Discuss the behaviour of the sequence given by f,(x) = as 
ne a 
with regard to convergence, uniform convergence, and term-by-term 


integrability. 

an 

4.* Sketch the curves y = f,(x) = i 

8,10. Find lim f,(z). Prove that the convergence is non-uniform. 
a—>o 


» —2S3%82, forn=1], 


398 INFINITE SERIES [Cuar. 


oO 
5. Show that X e~©-”* converges uniformly in any fixed interval 
as2zsb. yea 


6. Show that in the interval 0 Sz < x the following sequences con- 
verge, but not uniformly: 


(a) sing. (a) Lf(a)}", where f(z) = 8@", (0) = 1. 
(5) (sin). id 


(c) A/ sinz. (e) AV f(x , where f(x) = = f(0)=1. 


7. The sequence f,(z), n= 1, 2, ..., is defined in the interval 
0S2S1 by the equations 
Sol) =1, Fnl%) = V a fn—(&). 
(a) Prove that in the interval 0 <2 <1 the sequence convergea to 
a@ continuous limit. 
(b)* Prove that the convergence is uniform. 


8.* Let f,(z) be continuous in the interval OS a <a. The sequence 
of functions f,,(x) is defined by 


iie= f ay ns ee 


Prove that in any fixed interval 0 < «<a the sequence converges uni- 
formly to 0. 

9. Sketch the curves 2°” + y®" = I] for n= 1, 2, 4. To what limit do 
these curves tend as n > 0? 

10.* Let f,(x), 7 = 1, 2,..., be ‘a sequence of functions with con- 
tinuous derivatives in the intervala Sab. Prove that if f,(x) con- 
verges at each point of the interval and the inequality | f,’(x) | < M (where 
MM is a constant) is satisfied for all values of n and 2, then the convergence 
is uniform, 


5. Power SEries 


Among infinite series, power series occupy the chief place. 
By a power series we mean a series of the type 


P@)=qQrortee@t...=Low 


v0 
(“‘ power series in x”’), or more generally 
P(z) = Gy + @(% — a) + Oe — %)P? +... = 2 ale — %)” 


(“‘ power series in (x — 2) ”), where 2» is a fixed number. If 
in the last series we introduce = %— a as a new variable, 
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a 
it becomes a power series & c,é” in the new variable €, and we 
v=0 


can therefore confine our attention to power series of the more 
wo 
special form = ¢,z” without any loss of generality. 


v=0 

In Chap. VI (p. 320) we considered the approximate repre- 
sentation of functions by polynomials and were thus led to the 
expansion of functions in Taylor series, which are in fact power 
series. In this section we shall study power series in some- 
what greater detail, and shall obtain the expansions of the most 
mmportant functions in series in simpler and more convenient 
ways than before. 


1. Convergence Properties of Power Series. 


There are power series which converge for no value of 2, 

except of course for z = 0, e.g. the series 
e+ Wart BaF+ 1... nem ly 

For if +0, we can find an integer N such that 
|v] >1/N. Then all the terms n"2™ for which n> N will be 
greater than 1 in absolute value, and, in fact, as m increases n" 2" 
will increase beyond all bounds, so that the series fails to converge. 

On the other hand, there are series which converge for every 
value of 2; for example, the power series for the exponential 
function, 


e=lpet oe y..., 


whose convergence for every value of x follows at once from the 
ratio test (Criterion IIIa, p. 378). The (n+ 1)-th term divided 
by the n-th term gives x/n, and, whatever number 2 is chosen, 
this ratio tends to zero as n increases. 

The behaviour of power series with regard to convergence is 
expressed in the following fundamental theorem: 

If a power series in x converges for a value x= €, tt converges 
absolutely for every value x such that | x | <| €|, and the convergence 
ts uniform in every interval |x| <n, where n is any positive 
number less than | |. Here » may lie as near | £| as we please. 


The proof is simple. If the series X c, €’ converges, its terms 


v=0 
tend to 0 as m increases. From this follows the weaker 
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statement that the terms all lie below a bound M independent 
of v, that is, | c,é’| <M. I£ now gq is any number such that 
0<q<1, and if we restrict x to the interval |x| <q|é|, 
then | ¢2”| S| ¢,€’|q’ < Mg’. In this interval, therefore, the 


terms of our series Z ¢,2” are smaller in absolute value than the 


0 
terms of the convergent geometric series Mg’. Hence from the 
theorem on p. 392 the absolute and uniform convergence of the 
series in the interval —q| €| S2<q| é| follows. 

If a power series does not converge everywhere, that is, if 
there is a value «= € for which it diverges, it must diverge for 
every value of x such that | «| >| |. For if it were convergent 
for such a value of x, by the theorem above it would have to 
converge for the numerically smaller value é. 

From this we recognize that a power series which converges 
for at least one value of x other than 0 and which diverges for 
at least one value of x has an interval of convergence; that is, 
a definite positive number p exists such that for |x| > p the 
series diverges and for |z|<p the series converges. For 
| «|= p no general statement can be made. The limiting 
cases, that in which the series converges only for r= 0 and 
that in which it converges everywhere, are expressed sym- 
bolically by writing p= 0 and p= o respectively.* 

For example, for the geometric series 1+ 2+ 27+... we have 
pe = 1; at the end-points of the interval of convergence the series diverges. 
Similarly, for the series for the inverse tangent (p. 319), 

are tang = x — a3/3+ 2/5—+..., 


we have p= 1, and at both the end-points x= +1 of the interval of 
convergence the series converges, as we recognize at once from Leibnitz’s 
test (p. 370). 


* It is possible to find this interval of convergence directly from the co- 
efficients cy of the series. If the limit lim / |en| exists, then 
n—>o 


1 
P= wT 
lim 47 |e, 
oe 
In general p is given by the formula 
1 
== 
i 
ve 


where lim is the symbol for the upper limit, as defined in the appendix to 
Chap. I (p. 62). 
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From the uniform convergence we derive the important fact 
that within its interval of convergence (if such an interval exists) 
the power series represents a continuous function. 


9. Integration and Differentiation of Power Series. 


On account of the uniformity of convergence i 1s always 
permissible to integrate a power series 


ao 


f(@) = Ze,a” 
v=0 
term by term over any closed interval lying entirely within the 
interval of convergence. We thus obtain the function 


os Sy wath 
F(a) ot ag ’ 


for which F(z) = f(z). 


Cc, 
+1 
obtained by integration converges more rapidly than the original 
series. 

We can also differentiate a power series term by term within its 
tnterval of convergence, thus obtaining the equation 


Further, since 


<|c,| for all values of v, the series 


A) 
f'@) =X vee, 
vel 


In order to prove this statement we need only show that the 
series on the right converges uniformly if x is restricted to an 
interval lying entirely within the interval of convergence. Sup- 
pose then that & is a number, lying as close to p as we please, 

a 


for which & c,é” converges; then, as we have seen before, the 
v=1 

numbers jc,£”| all lie below a bound M independent of », so that 

joe] < I =N. Now let q be any number such that 


0<¢ <1; if we restrict x to the interval | «| Sq| ¢|, the terms 
of the series under discussion are not greater than those of the 


series & | vc,g’2é"1|, and therefore less than those of the 
v1 
«a 


14 (e798) 
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series = Nvq-*. But in this last series the ratio of the (n + 1)-th 
se] 
term to the n-th term is ™ +} qg, Which tends to g as n increases. 
” 


Since 0 < ¢ <1, it follows (criterion IIIa, p. 378) that this series 
converges. Hence the series obtained by differentiation con- 
verges uniformly, and by the theorem at the end of last section 
(p. 396) represents the derivative f’(z) of the function f(z), 
which proves our statement. 

If we apply this result again to the power series 


f'(@) = vez, 


v= 


we find on differentiating term by term that 


f(a) =Z v(v— loa’, 
v2 


and, continuing the process, we arrive at the theorem: Every 
function represented by a power series can be differentiated as 
often as we please within the interval of convergence, and the differen- 
tiation can be performed term by term.* 


3. Operations with Power Series. 


The preceding theorems on the behaviour of power series 
are our justification for operating in the same way with power 
series as with polynomials. It is obvious that two power 
series can be added or subtracted by adding or subtracting 
the corresponding coefficients (see p. 376). It is also clear that 
a power series, like any other convergent series, can be multi- 
plied by a constant factor by multiplying each term by that 
factor. On the other hand, the multiplication and division of 
two power series requires somewhat more detailed study, for 


* As an explicit expression for the k-th derivative we obtain 
fO(z) = Sv(v—- 1)... (vk + Years 
vek 


or in a slightly different form, 
() 3 
f 7 = Z(; 2) & ak = £5 "ewan. 
v=0 


These two formul» are frequently useful. 
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which we refer the reader to the appendix (p. 416). Here we 
merely mention without proof that two power series 


f)=Eae 
v==Q 

and g(x) = = b, 2” 
v=0 


can be multiplied together like polynomials. To be specific, we 
have the following theorem: throughout the common part of 
the intervals of convergence of these two series their product is 


@Q 
given by the convergent power series & c,x”, where the coefficients 


c, are given by the formule 


i = Agbo, 
= Ayb, + abo, 

= = Ab, + a,b, + abo, 
jnmasd, re meee sed + auby 


(For the proof se see the appendix, § 1, Pp. “416.) 


4, Theorem of Uniqueness for Power Series. 
In the theory of power series the following fact is of impor- 


o oO 
tance: if two power series X a,2” and % 6,2” both converge in an 
=0 v=O 
interval which contains the point 2 = 0 in its interior, and if in 
that interval the two series represent the same function f(z), 
then they are identical, that is, the equation a, = 6, is true for 
every value of n. In other words: 
A function f(x) can be represented by a power serves in x 
only one way, of at all. 
Briefly, the representation of a function by a power series 
is “ unique ”. 
To prove this we need only notice that the difference of the 
two power series, that is, the power series ¢(z) = Le,z” with 
v=0 


coefficients c, = a, — 6,, represents the function 


$(z) = f(z) — f(z) = 
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in the interval; that is, this last power series converges to the 
limit 0 everywhere in the interval. For x = 0, in particular, the 
sum of the series must be 0; that is, cy= 0, so that ay = by. 
We now differentiate the series in the interior of the interval, 


obtaining ¢'(z) = X ve,z”. But ¢'(x) is also 0 throughout 
1 


the interval; hence for «= 0, in particular, we have c= 0, 
or a,=},. Continuing this process of differentiating and then 
putting z= 0, we find successively that all the coefficients ¢, 
are equal to zero, which proves the theorem. 

We see, in addition, that we can draw the following con- 
clusion from the above discussion: if we take the v-th derivative 
of a series f(x) = Za,x” and then put # = 0, we at once obtain 


a, = | (0), 
yt 


that is: 

Every power series which converges for points other than x = 0 
is the Taylor series of the function which tt represents. 

The uniqueness of the expansion is here expressed by the 
fact that the coefficients are uniquely determined by the function 
itself. 


6. Expansion or Given Functions 1x Power SERIES. 
Meruop or UNDETERMINED COEFFICIENTS. EXAMPLES 


Within its interval of convergence every power seTies repre- 
sents @ continuous function with continuous derivatives of all 
orders. We shall now discuss the converse problem of the expan- 
sion of a given function in a power series. In theory we can always 
do this by means of Taylor’s theorem; in practice we often meet 
with difficulties in the actual calculation of the n-th derivative 
and in the estimation of the remainder. But we can often reach 
our goal more simply by making use of the following device. 


We first write down the statement f(x) = 2 ¢,x”, where the 
0 


coefficients ¢, are unknown to begin with. Then by some known 
property of the function f(x) we determine the coefficients, and 
then prove the convergence of the series. The series represents 
a function, and it only remains to prove that this function is 
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identical with f(x). Because of the uniqueness of the expansion 
in power series we know that no other series than the one just 
found can be the required expansion. We shall now consider 
some examples of this method. Actually, we have already 
obtained the series for arc tana and log(1+ 2) by a method 
which forms part of the range of ideas of the present chapter. 
For we simply integrated term by term the series for the 
derivatives of these functions, which we knew to be geometric 
series. 


1. The Exponential Function. 


Our problem is to find a function f(x) for which f’(x) = f(x) and 
f(0)= 1. If we write down the series with undetermined coefficients 


f(®) = tg + Ge + ett... , 
and differentiate it, we obtain 
S’(a) = & + 2cg% + Begut® +... 6 


Since by hypothesis these two power series must be identical, we have the 
equation 
Ny = Cys 


true for all values of n =>1. If we observe that because of the relation 
{(0) = 1 the coefficient cy must have the value 1, we can calculate all the 
coefficients successively, and obtain the power series 


a, a, 
fmaltotgtaytes:s e 


As we easily see by the ratio test, this series converges for all values of x 
and therefore represents a function for which the relations f(x) = f(x), 
(0) = 1 are actually fulfilled. (Here we intentionally avoid making any 
use of what we have previously learned about the expansion of the ex- 
ponential function). 

Now the function e* certainly possesses these properties; we readily 
deduce that the function f(z) is identical with e*. For if we form the 
quotient 9(x) = f(x)/e* and differentiate we have 


9(2) po os e* f(z) = 


The function 9(x) is therefore a constant, and since it has the value 1 for 
x= 0, it must be identically equal to 1, thus proving that our power 
series and the exponential function are identical (cf. the analogous dis- 
cussion on p. 178). 
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2. The Binomial Series. 


: We can now return to the binomial series (Chap. VI, § 3, p. 329), this 
time making use of the method of undetermined coefficients. We wish 
to expand the function f(x) = (1 + 2) in a power series, and therefore write 


f(z) = (1+ 2)*= ey + a + ozt§+..., 


the coefficients c, being undetermined. We now notice that our function 
obviously satisfies the relation 


(1+ a)f'(a) = of(a) = E ac,z 
y= Q 


On the other hand, if we differentiate the series for f(a) term by term and 
multiply by (1 + 2x), we obtain 


(1+ 2) f(a) = cy + (2eq + 0)@ + (Bey + 2q)a* +... 5 
and since these two power series for (1 + x)f’(x) must be identical, 
KC = Cy, Cy = We + Cy, Kg = Beg + 2c... 


Now it is certain that c)= 1, since our series must have the value 1 
for = 0, and so we obtain in succession the expressions 


(2— l)« 6 __ (a— 2)(a— le 
ea see 3.2 


o> cong 


for the coefficients, and in general, as is easily established, we have 


les v+ D(a— vt ae ee): 
v(v—1)...2.1 y 


@ 
Substituting these values for the coefficients, we have the series & (“) as 
p=0 


we have yet to investigate the convergence of this series and to show that 
it actually represents (1 + 2)*. 

By the ratio test we find that when a is not a positive integer, the 
series converges if | «| <1 and diverges if || > 1; for then the ratio 


_ 1 
of the (n + 1)-th term to the n-th term is toe. x, and the absolute 


value of this expression tends to | «| as m increases beyond all bounds.* 
Hence, if | «| < 1 our series represents a function f(x) which satisfies the 
condition (1 + x) f’(x) = af (x), as follows from the method of forming the 


* Here we state, without proof, the exact conditions under which this series 
converges. If the index a is an integer 20, the series terminates and is there- 
fore valid for all values of x (becoming the ordinary binomial theorem). For all 
other values of a the series is absolutely convergent for | #|<1 and divergent 
for |x| > 1. For z = +1 the series converges absolutely if a > 0, converges 
conditionally if -1 < a < 0, and diverges if a< —1. Finally, at z= —1 
the series is absolutely convergent if a > 0, divergent if a < 0. 
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coefficients. Moreover, f(0) = 1. But these two conditions ensure that 
the function f(x) is identical with (1+ x)*. For on putting 


9(z) = f(z) (Ll + xy 


(1+ 2)*f(x) — a(1 + 2)¢“If(z) _ 9, 
(1+ a) , 


(x) is therefore a constant, and, in fact, is always equal to 1, since (0) = I. 
We have therefore proved that when | x] <1 


we find that 
9'(2) = 


(1+ 2) = = (3) x, 


which is the binomial series. 
Here we quote the following special cases of the binomial series: the 
geometric series 


ppt Ot etaliet ti statite.. 
= E (10 
v0 
the series 
1 
Ge Se = 1— 2a + 32% — 434+ —.., 


= E (cbr + 12, 


which may also be obtained from the geometric series by differentiation; 
and the series 


Vate= 1+ ajtal+ se ae 8 
“page tno 

virgata Lape tsa 
tice te 


the first two or three terms of which form useful approximations. 


3. The Series for are sinx. 


This series can be obtained very easily by expanding the expression 
1/v'(1 — #) according to the binomial series, 


1, 1.3 
1 pee 1 Pe ay 
wet) Fei taal t 
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This series converges if | ¢| < 1, and so converges uniformly if | ¢| Sq < 1. 
On integrating term by term between 0 and 2, we obtain 

: 12 | 1.32 
are sina = ~— + pt ee 5 
eT Neg g te ag re 


by the ratio test we find that this converges if | z| <1, and diverges if 
|e) >1. 

The deduction of this series from Taylor’s theorem would be decidedly 
less convenient, owing to the difficulty of estimating the remainder. 


4, The Series for ar sinhx == log {x + 4/(1 + x?)}. 


We obtain this expansion by a similar method. Using the binomial 
theorem we write down the series for the derivative of ar sinha, 


bates Wee 
vrea so tae w+ —..e,s 


2.4.6 
and then integrate term by term. We thus obtain the expansion 


arsinha = x—.§$_— +2 —~—4+..., 
whose interval of convergence is -l1 Sz. 


5. Example of Multiplication of Series. 


The expansion of the function 
log(1 + 2) 
1+2 


is a simple example of the application of the rule for the multiplication of 
power series. We have only to multiply the logarithmic series 


a eof 
] =g—-_+-l-24~—,,. 
Jog(1 + z) = # a+3 rs 
by the geometric series 
1 
=]— xe — 23 on oust 
ae a+ + + H 


as the reader may verify for himself, we obtain the remarkable expansion 


matt (Das (rde Da 
—(1+}4i4Det—... 


for |x| <1. 
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6. Example of Term-by-Term Integration (Elliptic Integral). 
In previous ae we ie met with the elliptic integral 


=e ae <1 
K=f vans | = 


(the period of oscillation of a pendulum (p. 302)). In order to evaluate the 
integral we can first expand the integrand by the binomial theorem, 
thus obtaining 


1 icy 1.3... 
CO] 5” 3 ot! Ee 4 
Vistas 2 ea 
1.3.5 
kes 8 
Tagg oe es 


Since * sin? is never greater than i? this series converges uniformly for 
all values of », and we mi integrate term by term: 


ar} 2 sida +} lie ar | tod 
x= f va= ware l ie aire ee 


+ ioe Aa sintodp +... 


The integrals occurring here have already been calculated (cf. Chap. IV, 
§ 4, p. 223). If we substitute their values we have 


k= foe 73 it Qe + GS) 


ae Ed } 
+ \o 74.6 aed 


For further examples on the theory of series we refer the reader to 
the appendix (p. 415). 


EXAMPLES 
Determine the intervals of convergence of the series = a,x", where 
a,, is given by the formuls in Ex. 1-20: Sze 
14. 8. Th 15. (4/n — 1)". 
n an 2 
i ; 16,0 
pode Oe: (2n)t 
Bo kee(e 1) n+Vn 
vn 1 ll. — . 
ov 10, —_—___. n— 
4, Vn. log log 10” l 
5. 2 1 18, —-_.. 
* ll, —. l+a 
mee Aa 1, 2 
aT 12. a®. Vn n 
1 13. a, 20 1 
m atn 14, alogn, * ye’ 


48 (2798) 
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Expand the functions in Ex. 21-26 in power series: 


21. a*. 24. cos*z, 
22. ot helt — 9), 25. sin®z, 
23. sin? 2, 26. arc sin 2°. 


27. Using the binomial series, calculate V2 to four decimal places. 


28. Obtain approximations in series for the following integrals by 
expanding the integrand in a power series and integrating: 


1 ging 1 Jog(1 + 2) 
(a) f e dz. (c) i eae 
‘ da 10 dx 
of Vi — ay @ f V+ x) 
lo 


29. By multiplication of power series obtain the expansions of the 
following up to the terms in 2*: 


(a) e sina. (c) ih Bhi = 
Vv1l—2 
(6) [log (1 + 2)P. (a) aint a, 


30.* By multiplication of power series prove that 
(a) e%eY = e&+¥, (6) sin 22 = 2 sin a cos. 


31. If the interval of convergence of the power series La,x" is | | < p, 
and that of 2b,2" is |x| < p’, where p < p’, what is the interval of con- 
vergence of X(a,, + 6,)x"? 

32. Using the method of undetermined coefficients, find the function 
f(z) which satisfies the following conditions: 


(a) f(0) = 3; (6) f(x) = f(z) +2. 


7. Power Series with Comptex Terms 


1. Introduction of Complex Terms into Power Series. 


The similarity between certain power series representing 
functions which are apparently unrelated led Euler to set 
up a purely formal connexion between them, found by 
giving complex values, in particular, pure imaginary values, 
to the variable z. We shall first do this formally, unhindered 
by questions of rigour, and shall investigate the results of the 
process. 

The first striking relation of this sort is obtained if we replace 
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the quantity x in the series for e* by a pure imaginary t¢, where 
¢ is a real number. If we recall the fundamental equation 
for the imaginary unit 2, that is, 2 —1, from which it follows 
that ® = —i, 4=1, ®=7,..., then on separating the real 
and the imaginary terms of the series, we obtain 


maf 4F—F 4...) 


g—-P 1 P_ P 
+4(¢ 317 BT mat eee 
or, in another form, 
e* = cosd + ising. 
This is the well-known and important “ Euler’s formula”; 
as yet it is purely formal. It is consistent with De Moivre’s 
theorem (p. 74), which is expressed by the equation 


(cos + # sin) (cosy + t sin ys) = cos(¢ + #) + tsin($ + ¥). 


In virtue of Euler’s formula this equation merely states that 
the relation 
e* ev = erty 


continues to hold for pure imaginary values x= id, y = wh. 

If we replace the variable x in the power series for cosz by 
the pure imaginary iz we at once obtain the series for coshz; 
this relation can be expressed by the equation 


cosh z= cost. 
In the same way we obtain 
. 1 eee 
sinha = = sinz. 
4 
Since Euler’s formula also gives e** = cosd — ¢ sind, 


we arrive at the exponential expressions for the trigonometric 
functions, 
12 _. p-tz sar — ta 
acen. See cosz = te i Sy 
21 2 


These are exactly analogous to the exponential expressions 
for the hyperbolic functions and are, in fact, transformed into 


sing = 


them by the relations coshz = cosia, sinha = 1 ings, 
i 
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Corresponding formal relations can, of course, be obtained 
for the functions tanz, tanhz, cotx, cothz, which are connected 


by the equations tanhz = 1 taniz, cothz = 7 cotiz, 
+ 


Finally, similar relations can also be found for the inverse 
trigonometric and hyperbolic functions. For example, from 


Speos eit — g te _ eriz__ | 
¥Y i(ef@ + et) (ete + 1) 
we immediately find that 
ge ty 
1— vw 


If we take the logarithms of both sides of this equation and then 
write z instead of y and arc tanz instead of z, we obtain the 
equation 


which expresses a remarkable connexion between the inverse 
tangent and the logarithm. If in the known power series for 


; log me (p. 818) we replace x by «a, we actually obtain 
the power series for arc tanz, 
c)3  (ix)8 
aretane = 1 (ie + HY EP.) 


os of 
Se ee eee . 


The above relations are as yet of a purely formal character, 
and naturally call for a more exact statement as to the meaning 
they are intended to convey. In the next sub-section we shall 
indicate how this can be given with the help of function theory. 

For later use, however, we shall only need Euler’s formula 
é?—cosd+isingd and, this being s0, we can avoid a 
thorough analysis. We need only regard the symbol e’* as a 
formal abbreviation for the right-hand side cos¢ + tsing, in 
which case De Moivre’s formula ¢*.e¥ = &@*” appears 
merely as a consequence of the elementary addition theorems of 
trigonometry. From this formal point of view, in order to make 
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the relation e*.e”¥—e*+¥ remain valid for any complex 
arguments, we set up the further definition 

e* = é& (cosy + ¢sinn), 
where = € + tn(é, 7 being real). 


2. A Glance at the General Theory of Functions of a Complex 
Variable. 


Although the purely formal point of view indicated above is 
in itself free from objection, it is still desirable to recognize in 
the above formule something more than a mere formal connexion. 
To follow out this aim leads us into the general theory of 
functions, as (for the sake of brevity) we call the general theory 
of the so-called analytic functions of a complex variable. In this 
we may use as our starting-point a general discussion of the 
theory of power series with complex variables and complex 
coefficients. The construction of such a theory of power series 
offers no difficulty once we define the concept of limit in the 
domain of complex numbers; in fact, it follows the theory of 
real power series almost exactly. But as we shall not make any 
use of these matters in what follows we shall content ourselves 
here by stating certain facts, omitting the proofs. It is found 
that the following generalization of the theorem of § 5, No. 1 
(p. 400), holds for complex power series: 

If a power series converges for any complex value x = & what- 
ever, then tt converges absolutely for every value x for which 
[x|[<|€|; of w diverges for a value x = £, then it diverges for 
every value x for which |x| >| €|. A power series which does not 
converge everywhere, but does converge for some other point in addi- 
tron to x = 0, possesses a circle of convergence, that is, there exists 
a number p > 0 such that the series converges absolutely for | x | <p 
and diverges for |x| > p. 

Having once established the concept of functions of a com- 
plex variable represented by power series, and having de- 
veloped the rules for operating with such functions, we can 
think of the functions e*, sinz, cosz, arc tana, &c., of the complex 
variable x as simply defined by the power series which represent 
them for real values of z. Then all the above formal relationships 
reduce to trivialities. 

We shall merely indicate by two examples how this intro- 
duction of complex variables helps us to understand the elemen- 
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tary functions. The geometric series for 1/(1 + 2) ceases to 
converge when x leaves the interval —1<2< 1, and so does 
the series for arc tang, although there are no peculiarities in 
the behaviour of these functions at the ends of the interval of 
convergence; in fact, they and all their derivatives are con- 
tinuous for all real values of x. On the other hand, we can readily 
understand that the series for 1/(1 — 2”) and log(1 — 2) cease 
to converge as 7 passes through the value 1, since they become 
infinite there. But this divergence of the series for the inverse 


tangent and the series = (—1)’2” for |«|>1 immediately 
v=0 


becomes clear if we consider complex values of z also. For we 
find that when 2 =7 the sum-functions become infinite and so 
cannot be represented by a convergent series. Hence by our 
theorem about the circle of convergence the series must diverge 
for all values of « such that |x| > |¢|; in particular, for real 
values of x the series diverge outside the interval —1 S21. 

Another example is given us by the function f(z) =e~"™ for 
2 + 0, f(0) = 0 (see pp. 196, 336), which, in spite of its apparently 
regular behaviour, cannot be expanded in a Taylor series. As 
a matter of fact, this function ceases to be continuous if we take 
pure imaginary values of = 7 into account. The function then 
takes the form e' and increases beyond all bounds as £ — 0. 
It is therefore clear that no power series in 2 can represent this 
function for all complex values of x in a neighbourhood of the 
origin, no matter how small a neighbourhood we choose. 

These remarks on the theory of functions and power series 
of a complex variable must suffice for us here, 


UY 
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Appendix to Chapter VII 


1. MULTIPLICATION AND Division oF SERIES 
1. Multiplication of Absolutely Convergent Series. 


Let A=Xa, B=2Xb, 
vax v=0 
be two absolutely convergent series. Together with these we 
consider the corresponding series of absolute values 


We further put 


4,= a, B,= 5b, 4,=|a,|, B,=5|2,| 
v=0 v=@ 


vex v=0 


and Cy = Ady + Ayn_y +... + Ando. 


ao 
We assert that the series X c, is absolutely convergent, and that 
its sum is equal to AB. ’=° 
To prove this, we write down the series 


hy + BBq + ab, + Ah + Aqhy + Oeby 
“+ dgby + aybg + Agby +... + Andy + Gnd, 
+... + anb, +... + abn + Abn + ..., 


the n?-th partial sum of which is A, B,, and we assert that it con- 
verges absolutely. For the partial sums of the corresponding 
series with absolute values increase monotonically; the n?-th 
partial sum is equal to 4,8, which is less than AB (and which 
tends to 4B). The series with absolute values therefure con- 
verges, and the series written down above converges absolutely. 
The sum of the series is obviously AB, since its n?-th partial sam 
is A,B,, which tends to AB as n>. We now interchange 
the order of the terms, which is permissible for absolutely con- 
vergent series, and bracket successive terms together. In a 
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convergent series we may bracket successive terms together in as 
many places as we desire without disturbing the convergence or 
altering the sum of the series, for if we bracket together, Say, 
all the terms (@,4; + Gntp-+ ...—++ Gm), then when we form the 
partial sums we shall omit those partial sums that originally fell 
between s, and s,,, which does not affect the convergence or 
change the value of the limit. Also, if the series was absolutely 
convergent before the brackets were inserted, it remains absol- 
utely convergent. Since the series 


2 e, = (Aqbq) + (@ob, + 4469) + (apbg + a4b, + aybo) +... 


is formed in this way from the series written down above, the 
required proof is complete. 


2. Multiplication and Division of Power Series. 


The principal use of our theorem is found in the theory of 
power series. The following assertion is an immediate con- 
sequence of it: the product of the two power series 


= a,2” and E bya” 


v=O v=0 
is represented in the interval of convergence common to the two 


ao 
power series by a third power series & c,x”, whose coefficients are 
given by Pre 


C= ab, + ayb,_, +... + a,bo. 


As for the division of power series, we can likewise represent 
the quotient of the two power series above by a power 


series 4 g,2”, provided bg, the constant term in the denominator, 
v=0 


does not vanish. (In the latter case such a representation is in 
general impossible; for it could not converge at 2 = 0 on account 
of the vanishing of the denominator, while on the other hand 
every power series must converge at c= 0.) The coefficients 
of the power series 


@ 
24,2" 
v=Q 
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can be calculated by remembering that = qa” > ba” = = a,2”, 


v=O == vuQ 
so that the following equations must be true: 
. = obo, 
= 9b, + Hbo, 


sae = = os oF ahh 5 dab 


a, = gh oe as + oe + oy 


From the first of these equations g, is seasaie found, from the 
second we find the value q,, from the third (by using the values ~ 
of g, and g,) we find the value g,, &c. In order to give strict justi- 
fication for the expression of the quotient of two power series 
by the third power series we have still to investigate the con- 


vergence of the formally-calculated power series Bar We 


shall pass over this general investigation, of mee: result we 
shall make no further use, and shall content ourselves with the 
statement that the series for the quotient does actually converge, 
provided x remains within a sufficiently small interval, in which 
the denominator does not vanish and both numerator and 
denominator are convergent series. 


2. Invrntre Serres AND ImprRopeR INTEGRALS 


The infinite series and the concepts developed in connexion 
with them have simple applications and analogies in the theory 
of improper integrals (cf. Chap. IV, § 8, p. 249). Here we confine 
ourselves to the case of a convergent integral with an infinite 


interval of integration, say an integral of the form f F(z) dx. 


If we divide up the interval of integration by a sequence of 
numbers % = 0, %,... tending monotonically to +, we can 
write the improper integral in the form 


[f@desatat..., 


where each term of our infinite series is an integral; 


a= Fla)dz, =f fe)de,..., 
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and so on. This is true no matter how we choose the pots 2,, 
We can therefore reduce the idea of a convergent improper integral 
to that of an infinite series in many ways. 

It is especially convenient to choose the points x, in such a 
way that the integrand does not change sign within any indi- 


2 
vidual sub-interval. The series Z| a,| will then correspond to 


v=1 
the integral of the absolute value of our function, 


[\f@| a. 
We are thus naturally led to the following concept: an improper 
integral f "E(x)dx ss said to be absolutely convergent sf the integral 
f |£(x) | dx exists. Otherwise, if our integral exists at all, we 
say that it is conditionally convergent. 
Some of the integrals considered earlier (pp. 250-251), such as 


la” [tas (a) = fete a, 


are absolutely convergent. On the other hand, the integral 


© gin x : 4 sine 
¥ —dz= lim Ki — da, 
0 @& 4>a0/Q9 & 


studied on p. 251, is a simple example of a conditionally convergent integral. 

In order to give a proof of the convergence of this integral which is inde- 

pendent of the former proof, we subdivide the interval from 0 to A at the 

points z, = vn(v= 0, 1, 2,..., 4) where », is the largest possible in- 

teger for which 2, A. We therefore divide the integral into terms of 
vr ging 


the form a, = os dx(v=I1, 2,...), and a remainder R, of the form 
(v—1)7 
f SINT de (0S A— Ut <2). 
z 
Mar 


It is clear that the quantities a, have alternating signs, since sinz 
is alternately positive and negative in consecutive intervals, Moreover, 
| @41| < |a,|; for on applying the transformation = & — nm, we have 


icin [See E am (ORE aN ag fT ge, 


@—-l)r & vr 5-8 we &- 


(v+4)a | gi 
> [ae = Lona 
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Hence by Leibnitz’s test we see that La, converges. Moreover, the 
remainder &, has the absolute value 


i ig t1)r | gi 
[R= | fo ae af [sine | 5 
Fes zz [Ful z 
+1)7 2 
FE aie hans; 
usr us Lakh 


and this tends to 0 as A increases. Thus if we let A tend to in the 
equation 

f4 sing 

, py Ht et agt ee. +a, + By 
the right-hand side tends to Da, as a limit, and our integral is convergent. 
But the convergence is not absolute; for 


| sin: | 
(—1)r vr 


{a,| > do = =, 0 that Z| ,| diverges 


3. InFInITE Propvucts 


In the introduction to this chapter (p. 366), we called atten- 
tion to the fact that infinite series are only one way, although 
a particularly important way, of representing numbers or func- 
tions by infinite processes. As an example of another such 
process, we shall introduce the infinite product. No proofs will 
be given. 

On p. 223 we met with Wallis’s product, 


224466 


ied eae 
teak ito rt fe 


in which the number 7/2 is expressed as an “ infinite product ”’. 
By the value of the infinite product 


Hos @y . Ag. Bg. Gyre 
we mean the limit of the sequence of partial products 


Oy, Ay Ag, yg Og, 0, Og Og Oy vee 


provided it exists. 
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The factors @,, dg, @3,..., of course, may also be functions 
of a variable z. An especially interesting example is the “‘ infinite 
product ” for the function sing, 


women m(-H)(i-4)(0-9)-—~ 


which we shall obtain in § 4 of the next chapter (p. 445). 


The infinite product for the “zeta function” plays a very important 
part in the theory of numbers. In order to retain the notation usual in 
the theory of numbers we here denote the independent variable by s, and 
we define the zeta function for s > 1 by the expression 


o ] 
= 2 


We know (cf. § 2, p. 380 et seg.) that the series on the right converges if 
8>1. If pis any number sr than 1, we obtain the equation 


1 


Es eee ees atte 
1-— 
p 
by expanding the geometric series. If we imagine this series written 
down for all the prime numbers p,, py Ps,--.in increasing order of 


magnitude, and all the equations thus formed multiplied together, we 
obtain on the left a product of the form 
1 1 
=e eons 
If, without stopping to justify the process in any way, we multiply to- 
gether the series on the right-hand sides of our equations, and in addition 
remember that by an elementary theorem each integer n > 1 can be ex- 
pressed in one and only one way as a product of powers of different prime 
numbers, we find that the product on the right is again the function 
(8), and so we obtain the remarkable “ product form” 


1 1 1 


80) T—G inp ioe e 


’ This “ product form”, the derivation of which we have only briefly 
sketched here, is actually an expression of the zeta function as an infinite 
product, since the number of prime numbers is infinite. 


In the general theory of infinite products we usually exclude 
the case where the product a,a@,...a, has the limit zero. Hence 
it is specially important that none of the factors a, should vanish. 
In order that the product may converge, the factors a, must 
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accordingly tend to 1 as m increases. Since we can if necessary 
omit a finite number of factors (this has no bearing on the ques- 
tion of convergence), we may take it that a, >0. The following 
theorem applies to this case: a necessary and sufficient con- 


dition for the convergence of the product Il aa where a, > 0, 


is that the Borie. z loge, should converge. "For it is clear that 


the partial sums Eloga, = log (a,a, ...@,) of this series will 


tend to a definite limit if, and only if, the partial products 
Gay... A, possess a positive limit. 

In studying convergence we usually apply the following 
criterion (a sufficient condition), where we puta,—=1-+-a, The 


product Il (1+ a,) 


y=1 

converges, if the series 

a 

=| 4,| 

v=1 
converges and no factor (1 ++ a,) is zero. In the proof we may 
assume, after omission of a finite number of factors if necessary, 
that each | a,| <3 Then we have 1—|a,|> 7 By the 
mean value theorem log(1 +- h) = log(1 + h) — log l =h 


1+ 6h 
for 0<9<1. Therefore 


sul Sl Soha, 


a, 
| log(1 + a,)]| = T+ 6c, “The l 


and so the convergence of the series B Jog (l + a,) follows from 


the convergence of 2 | a, |. 


From our criterion it follows that the infinite product given above for 
sin ma converges for all values of z except for «= 0, +1, 42,..., where 
factors of the product are zero. Moreover, for p = 2 and ¢ > 1] we readily 
find that 

1 1 1 2 
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Now if we let p assume all prime values, the series ee must converge, 
P 


since its terms form only » part of the convergent series bY - The con- 
vel 


vergence of the product IT for s > 1 is thus proved. 


1l-—p 


4, SERIES INVOLVING BERNOULLI’S NUMBERS 


So far we have given no expansions in power series for certain elemen- 
tary functions, e.g. tanz. The reason is that the numerical coefficients 
which occur are not of any very simple form. We can express these 
coefficients, and those in the series for a number of other functions, in 
terms of the so-called Bernoulli’s numbers. These numbers are certain 
rational numbers, with a not very simple law of formation, which occur 
in many parts of analysis, We arrive at them most simply by expanding 
the function 

“ 1 


e210 ee 
I+ 5+ Rte. 


in a power series of the form 


= = Be igs 


—__ = 


e—1  ,2ov! 
If we write this equation in the form 


2 B 
a == (ce? — 1) D —*2” 
vag v! 


and substitute on the right the power series for e* — 1, we obtain, as on 
p. 417, a recurrence relation which enables all the numbers B, to be 
calculated. These numbers are called Bernoulli’s numbers.* They are 
rational, since in their formation only rational operations are concerned; 
as we easily recognize, they vanish for all odd indices other than v= 1. 
The first few are 


1 1 1 1 
Bo=1, B, = —5 B= & Bu= —3p Be= 75 
1 5 
B= —3> Bo = ge eee 


* In some works a slightly different notation is used, the basic formula being 
written 
B, 


x 1 =. 
Se ‘om - +1 _—"_» dy 
ei to get BOY aye: 
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We must content ourselves with a brief hint as to how these numbers 
are involved in the power series in question. First, by making use of the 
transformation 


If we replace x by 22, we have the series 


i) 22"B 
he= 2y ey 
«cothz 2, vj! av, 
for || <1, from which, by replacing z by —iz, we obtain 
2 2B 
xeote= Y (—1)—_"a%, {al <-m. 


v=0 (2v)! 
By means of the equation 2 cot2zx = cotxz — tanz we now obtain the 
series 


_ C4) os 29-27” — 1) 
tang = 2 ( 1) ‘ey 


which holds for | z| < 


For further information we must refer the reader to more detailed 
treatises,* owing to the lengths of the proofs involved. 


By x”), 


EXxaMPLEs 


1. Prove that the power series for V(1 — x) still converges when 
a=1. 

2. Prove that for every positive ¢ there is a polynomial in x which 
represents (1 — x) in the interval 0 S 2 < 1 with an error less than e. 

3. Prove that for every positive « there is a polynomial in é¢ which 
represents | ¢| in the interval —1 S ¢ $1 with an error less than ¢. 

4. Weierstrass’ Approximation Theorem. Prove that if f(x) is con- 
tinuous in a Sz Sb, then for every positive ¢ there exists a polynomial 
P(x) such that | f(z) — P(x)| < for all values of x in the interval 
aSusb. 


5. Prove that the following infinite products converge: 


harass Geek alcst 
mata msot i (1-2), tle<1 


* See e.g. K. Knopp, Theory and Application of Infinite Series, p. 183 (Blackie 
& Son, Ltd., 1928). 
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6. Prove by the methods of the text that I (a + *) diverges, 
n 


n=l 


7. Using the identity 


See 


nmi n® int \) — 


=) (where p, is the i-th prime) 


prove that the number of primes is infinite. 
8. Prove the identity 


Tt (+ 2") = 5 1 


y=l —2 


for | z| <1. 


CHAPTER IX 


Fourier Series 


In addition to the power series there is another class of 
infinite series which plays a particularly important part both 
in pure mathematics and in applications. These are the Fourier 
series, in which the individual terms are trigonometric functions 
and the sum is a periodic function. 


1. Periopic Functions 


1. General Remarks. 


Periodic functions of the time, that is, functions which repeat 
their course after a definite interval of time, are met with in 
many applications. In most machines a periodic process takes 
place in rhythm with the rotation of a flywheel, e.g. the alter- 
nating current developed by a dynamo. Periodic functions are 
also associated with all vibration phenomena. 

A periodic function with period 21 is represented by the equation 


f(a + 2) = f(a), 


true for all values of x. We specially call attention to the fact that 
21 is called the period.* It is worth notice that in addition to 
the period 21, the function f(x) necessarily has the period 41 


*In representing periodic functions it is often convenient to denote the 
independent variable x by a point on the circumference of a circle instead of 
the usual point on a straight line. If a function f(x) has the period 22, say, 
that is, if the equation 

f(z + 2x) = f(z) 


is true for all values of x, and if we denote by x the angle at the centre of a circle 
of unit radius which is included between an arbitrary initial radius and the 
radius to a variable point on the circumference, then the periodicity of the 
function f(x) is expressed simply by the fact that to each point on the circum- 
ference there corresponds just one value of the function. In the case of a 
machine, for example, the periodicity may be expressed in terms of the position 
of a point on the flywheel. 
425 
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also, since f(x+ 41) = f(a+ 21) = f(a); f(a) likewise has periods 
61, 81,...; and it is also possible (though not necessarily true) 
that f(~) may have shorter periods, such as J or 1/5. Graphically, 
in any two consecutive intervals of length 21 the graph of the 
function has exactly the same form. In order to have available 
a second interpretation which some readers may prefer, we may 
think of the variable as the time (and accordingly we some- 
times write ¢ instead of x), the function f(x) then representing a 
periodic process or, as we shall also say, a vibration (or oscil- 
lation). The period 21= T is then called the period of vibration 
(or oscillation). 

If any arbitrary function £(x) is given in a definite interval, 
say, —l Sxl, tt can always be extended as a periodic function; 
we have only to define f(x) outside the interval by the equation 
f(e + 2nl) = f(z), where n is an arbitrary positive or negative 
integer. Here we must point out that if f(z) is continuous in 
the interval —l1< a< 1, but f(—l) + f(+1), our extended 
periodic function will be discontinuous at the points +1, +31,..., 
(cf. figs. 7 and 8 (pp. 441, 442), in which 1= 7). Further, in 
this case the extension fails to give us a single-valued function 
f(x) at the points «= +1, +31, ... since e.g. we have defined 
f(31) as f(l+ 21), which gives f(31)=f(l), and we have also 
defined it as f(—l+ 4I), which gives f(31) = f(—l). We avoid 
this difficulty by extending, not the function as defined for 
—ls2sl, but the function as defined either for —-l< 2 <1 
or —l<2<l; that is, we discard either the original value 
f(—l) or the original value f(+1). 

Here we would point out a general fact relating to periodic 
functions, which is expressed by the equation 


a, @)de=f Se) da, 


or, in words: the integral of a periodic function over an interval 
whose length is one period 7’ = 21 always has the same value, 
no matter where the interval lies. To prove this we need only 
notice that in virtue of the equation f(¢ — 21) = f(£) the sub- 
stitution z= ¢ — 21 gives us 


[tede=f" nod =f"" feyae. 
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In particular, for a= —l—a and B= —l it follows that 


f a, (x) dx =f 4 fle) de, 
and hence 


ae f(a) da = of i. f(z) dx + [te da 


=f. fieds+fflde= Jf", fle) as, 


which proves our statement. If we recall the geometrical meaning 
of the integral, the statement is made obvious by fig. 1. 


Fig. 1.—To illustrate the integral over a whole period 


The simplest periodic functions, from which we shall later 
build up the most general periodic functions, are the functions 
asinwe and acoswz, or more generally asinw(x— ¢) and 
acosw(z— €), where a(20), w(>0), and ¢ are constants. The 
processes represented by these functions * we call sinusoidal 
vibrations or simple harmonic vibrations (or oscillations). The 
period of vibration is JZ’ = 2z/w. The number w is called the 
circular frequency of the vibration;+ since 1/T is the number of 
vibrations in unit time, or frequency, w is the number of vibra- 
tions in tume 2%. The number a is called the amplitude of the 
vibration; it represents the maximum value of the function 
a sinw(% — &) or a cosw(x% — &), since both sine and cosine have 
the maximum value 1. The number w(x — &) is called the phase 
and the number wé the epoch or phase displacement. 


* Hither of these formule taken by itself (for all values of a and £) represents 
the class of all sinusoidal vibrations; and the two formule are equivalent to 
one another, since asinw(x — £) = acosw{x — (£ + 7/2w)}. 


+ The reader should take care to distinguish between the frequency and the 
circular frequency (Ger., Kreiafrequenz). 
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We obtain these functions graphically by stretching the sine curve 
in the ratios 1:« along the z-axis and a@:1 along the y-axis, and then 
translating the curve a distance & in the positive direction along the 
x-axis (cf. fig. 2). 


By the addition formule for the trigonometric functions we 
can also express sinusoidal vibrations in the form 


acoswi-++ Bsinws and f coswxr — asinwe 


Fig. 2.—Sinusoidal vibrations 


respectively, where a—=—asinwg and B=acoswgé. Con- 
versely, every function of the form 


acoswz + PB sinws 


represents a sinusoidal vibration a sinw(z — €) with the ampli- 
tude a= +/(a?-+ 6?) and the phase displacement wé given by the 
equations a = —asinw£, 8B = acoswé. By using the expression 
acoswx + Bsinwx we see that the sum of two or more such 
functions with the same circular frequency w always represents 
another sinusoidal vibration with the circular frequency w. 


2. Superposition of Sinusoidal Vibrations. Harmonics. Beats. 
Although many vibrations are found to be sinusoidal 
(cf. Chap. V, § 4, p. 296), it is nevertheless true that most periodic 
motions have a more complicated character, being obtained by 
the superposition of sinusoidal vibrations. Mathematically this 
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simply means that the motion, e.g. the distance of a point from 
its initial position as a function of the time, is given by a function 
which is the sum of a number of pure periodic functions of the 
above type. The sine waves of the function are then piled 
up on top of one another (that is, their ordinates are added), 
or, as we say, they are superposed. In this superposition 
we assume that the circular frequencies (and, of course, the 
periods) of the superposed vibrations are all different; for the 
superposition of two sinusoidal vibrations with the same circular 
frequency gives us another sinusoidal vibration with the same 
circular frequency (but with a different amplitude and phase 
displacement), as shown above. 

If we consider the simplest instance, the superposition of 
two sinusoidal vibrations with the circular frequencies w, and wa, 
we find that there are two fundamentally different cases, depend- 
ing on whether the two circular frequencies have a rational ratio 
or not, or, as we say, whether they are commensurable or in- 
commensurable. We begin with the first case, and by way of an 
example take the second circular frequency to be twice the first; 
Ws, = 2w,. The period of the second vibration will then be half 
the period of the first, 27/2w, = T, = T,/2, and so it will neces- 
sarily have not only the period T, but also the doubled period 7,,, 
since the function repeats itself after this double period; and the 
function formed by superposing them will also have the period 
f,. The second vibration, with twice the circular frequency and 
half the period of the first, is called a first harmonic of the first 
vibration (the fundamental). 

Corresponding statements hold if we introduce a further 
vibration with the circular frequency ws = 3w,. Here again the 
vibration function sin 3w,x will necessarily repeat itself with the 
period 2/w, = T. Such a vibration is called a second harmonic 
of the given vibration. Likewise we can consider third, fourth,... , 
(n—1)-th harmonics with the circular frequencies w, = 4a,, 
Ws = 5a, .. +, W_ = Na, and, moreover, with any phase dis- 
placements we please. Every such harmonic will necessarily 
repeat itself after the period 7, = 27/w,, and consequently every 
function obtained by superposing a number of vibrations, each 
of which is a harmonic of a given fundamental circular frequency 
w,, will itself be a periodic function with the period 27/w, = 7. 
By superposing vibrations with circular frequencies ranging from 
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that of the fundamental to that of the (n — 1)-th harmonic we 
obtain a periodic function of the form 


S(c)=a+ = (a, cos vwx + b, sin vw), 
vel 


\ 


Nw 
Yyustn3wx 


Fig. 3*.—Combination of vibrations 


(The constant a, which we have introduced here in order to make 
the formula slightly more general, does not affect the periodicity, 
since it is periodic for any period.) Since this function contains 


sinx — 


sin 2x 
2 


—-——.— sins 


sin 2x | sin 8x 
ce a 


pee eee ain'e = Hinge + sin Ss _ sin 4x 


4 
Fig. 4.—Combination of vibrations 


2n + 1 constants which we can choose arbitrarily, we are thus 
able to generate very complicated curves: which are not at all 
like the original sine curves. Figs. 3-5 illustrate this graphically. 


* The proportions of the figure correspond to the assumption w= 1], 
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The term “ harmonic ” originates in acoustics,* where we find 
that if a fundamental vibration with circular frequency w corre- 
sponds to a note of a certain pitch, then the first, second, third, &c., 
harmonics correspond to the sequence of harmonics of the funda- 
mental, that is, to the octave, octave + fifth, double octave, &c. 

In general, in the case of 
the superposition of vibra- 
tions in which the circular 
frequencies have rational 
ratios these circular fre- 
quencies can all be repre- 
sented as integral multiples 
of a common fundamental 
circular frequency. The 

\\ superposition of two vibra- 


Fig. 5t.—Combination of vibrations 


tions with incommensurable circular frequencies w, and wp, 
however, represents an intrinsically different type of pheno- 
menon. Here the process resulting from the superposition of 
sinusoidal vibrations will no longer be periodic. We cannot go 
into the mathematical discussions that arise from this, but 
merely remark that such functions always have an approxi- 
mately periodic character, or, as we say, are almost periodic. 
Such functions have just recently been studied in great detail. 
A final remark on the superposition of sinusoidal vibrations 
is concerned with the phenomenon of so-called beats. If we 
superpose two vibrations both with unit amplitude but with 
different circular frequencies w, and w,, and if for the sake of 
simplicity we take the same value of € (see p. 427) for both (the 
generalization to arbitrary phase can be left to the reader), then 
we are merely concerned with the behaviour of the function 


Y= sinw,z + sinw,e (wy > we > 0). 


* In acoustics the terms overtone, (upper) partial are also used. 
+ The curves drawn in the figure correspond to the trigonometrical poly- 
nomials obtained by taking 3, 5, 6 and 7 terms respectively of the series 
ain x sindz | sinde | sinds sin6z , sin7z , sin9x 
ee D + + —— + 2—— 4+ eves 
I 2 3 8 7 79 
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By a well-known trigonometrical formula we have 
= 2 cos$(w, — w,)& sin} (w, + we) t. 


This equation represents a phenomenon which we may think of 
as follows: we have a vibration with the circular frequency 
4(w, + w.) and the period 47/(w,-++ w,). This vibration, how- 
ever, has not a constant amplitude; on the contrary, the “ am- 
plitude” is given by the expression 2 cos}(w, — w,)%, which 
varies with a longer period 47/(w,— w.). This point of view is 
particularly useful and easy to interpret when the two circular 
frequencies w, and w, are relatively large while their difference 


Fig. 6.—Beats 


(w;—w,) is small compared to them. Then the amplitude 
2 cosd(w, — w,)a of the vibration with period 47/(w, + we) 
will vary only slowly compared with the period of vibration, and 
this change of amplitude will repeat itself periodically with the 
long period 47/(w, — w,). These rhythmic changes of amplitude 
are called beats. Everyone is acquainted with this phenomenon 
in acoustics and perhaps also in wireless telegraphy. In wireless 
telegraphy the circular frequencies w, and w, are as a rule far 
above those which the ear can detect, while the difference 
1 — Wp falls in the range of audible notes. The beats then cause 
an audible note, while the original vibrations remain imper- 
ceptible to the ear. 
An example of beats is illustrated graphically in fig. 6. 
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2. Use or Compitex NotTATION 
1. General Remarks. 


The investigation of vibration phenomena and periodic func- 
tions gains in formal simplicity if we make use of complex num- 
bers, combining each pair of trigonometric functions coswa and 
sinwa to form an expression of the type coswx + 4 sinws = e** 
(cf. Chap. VIII, § 7, p. 411). Here we must bear in mind that one 
equation between complex quantities is equivalent to two equa- 
tions between real quantities, and that our results must always 
be interpreted and made intelligible in the real domain. 

If we everywhere replace the trigonometric functions by 
exponential functions in accordance with the formule 


2cos@ = e+ e*, 2i sind = e* — e-*, 


we express sinusoidal vibrations in terms of the complex quan- 
tities e°*, e*°*, or 
aem=—8), ae~r— 6) 


respectively, where a, w, and wé are the real quantities ampli- 
tude, circular frequency, and phase displacement. The real 
vibrations are obtained from this complex expression simply by 
taking real and imaginary parts. 

The convenience of this mode of representation for many 
purposes is due to the fact that the derivatives of the real vibra- 
tions with respect to the time x are obtained by differentiating 
the complex exponential function just as if + were a real con- 
stant, as is expressed by the formula 


£ af coseo(e— £) + isinw(e— £)} 
= aw{— sinw(« — £) + i cosw(e— £)} 
= taw{ cosw(a— €) + isinw(«— €)}, 


or ¢ ae) — fame, 
a 


2. Application to the Study of Alternating Currents. 


We shall now illustrate these matters by means of an important 
example. Here we shall denote the independent variable, the time, by t 
instead of 2. 


1 (B 798) 
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We consider an electric circuit with resistance R and inductance L, 
on which an external electromotive force (voltage) Z is impressed. In the 
case of direct current H is constant, and the current IJ is given by Ohm’s 
law, 

E= &l. 


If, however, we are dealing with alternating current, H is a function of 
the time ¢, and consequently so is J, and Obm’s law takes the form (cf. 
p. 182) 


aI 
£—L—= Rl. 
dt : 


In the simplest case, to which we restrict ourselves here, the external 
electromotive force E is sinusoidal with circular frequency w. Now instead 
of taking this oscillation in the form a@ coset or a sinwt, we combine both 
possibilities formally in the complex form 


E= cet = e cosat + tc sinet, 


where ¢(>0) represents the amplitude. We shall operate with this “com- 
plex voltage ” as if ¢ were a real parameter, and we thus obtain a complex 
current J. Then the significance of the relation thus found between 
the complex quantities H and J is that the current corresponding to an 
electromotive force ¢ cosct is the real part of J, while the current correspond- 
ing to an electromotive force ¢ sinwt is the imaginary part of J. The com- 
plex current can be calculated immediately if for I we write down an 
expression of the form 


I= welt = a(coset + i sinwt); 
that is, if we make the assumption that J is also sinusoidal with circular 
frequency w. The derivative of J is then given formally by the expression 


. = tawelt 


= ao(—sinwt + $ coset). 


By substituting these quantities in the generalized form of Ohm’s law and 
dividing out the factor et we obtain the equation ¢«— aLiw = Ra, or 


fea ease 
R+ iol 
so that B= (R+ toL)I = WI. 


a 


We may regard this last equation as Ohm’s law for alternating currents 
in complex form, if we call the quantity 


W=R+ tol 


the complex resistance of the circuit. Ohm’s law is then the same as for 
direct current: the current is equal to the voltage divided by the resistance. 
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If we write the complex resistance in the form 


W = wes = wcoss + tw sind, 


where 
oL 
w= V (R24 Leo), tand= R° 
we obtain 


L= = dt-d, 
w 


According to this formula the current has the same period (and circular 
frequency) as the voltage; the amplitude @ of the current is connected 
with the amplitude ¢ of the electromotive force by the equation 


€ 
a=-, 
w 


and, in addition, there is a difference of phase between the current and the 
voltage. The current reaches its maximum, not at the same time as the 
voltage, but at a time 3/w later, and the same is of course true for the 
minimum. In electrical engineering the quantity w= V(R? + Lw*) is 
frequently called the impedance or alternating current resistance of the 
circuit for the circular frequency a; the phase displacement, usually stated 
in degrees, is called the lag. 


3. Complex Representation of the Superposition of Sinusoidal 
Vibrations. 


So far the complex notation has been used to denote the com- 
bination of two sinusoidal vibrations. But a single vibration or a 
compound vibration of the type 


S(z)=a+ > (a, cosvx + 6, sin vx) 
v=] 


(for simplicity we have taken w = 1) can also be reduced to com- 
plex form by substituting 


Cos va = ; (e* + e-#*) 
: oe Sy 
and sin vz = — (e** — e*”), 
20 
The above expression then becomes an expression of the form 


S(z) = z a,e”*, 
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where the complex numbers a, are connected with the real 
numbers a, a,, and 6, by the equations 


a,=a,+a_, a=ay, 6,=t(a,— a_,). 


In order that the equation a, = a, + a_, shall formally include 
the case v = 0, we often put a = ay = a,/2. 
Conversely, we may regard any arbitrary expression of the 

form 

Lid . 

>» a, en 
as a function representing the superposition of vibrations, written 
in complex form. In order that the result of this superposition 
may be real it is only necessary that a, -+ a_, should be real and 
a,—a_, & pure imaginary; that is, a, and a_, must be con- 
jugate complex numbers. 


4, Deduction of a Trigonometric Formula. 


By using complex notation we obtain a very simple proof of a formula 
which we shall need later. This is the trigonometric summation formula 


6,(%) = $+ cosa + cos2a-+...-+ cosna = eee 
which is true for all values of « except the values 0, +2n, --4m,.... 
To prove this we replace the cosine function by its exponential ex- 
pression and thus bring the sum o,,(a) into the form 


og() = 3 E civ, 


vn 


On the right we have a geometric progression with the common ratio 
qg= e+ 1. Using the ordinary formula for the sum, we have 
L— gent) | g-ime _ g(nt lia 


l—q 2 i—@« ° 


1. 
6,(a) = 3 Pipes 


On multiplying numerator and denominator by e—‘«/2 we obtain 


sin(n + 4)a 


Salo) = 2 sin a 


as was stated. 
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ExaMPLEs 
pec 
1. Sketch the curves y=  2"* for N = 3, 5, 6 
n=l 1 
N 
2, Sketch the curves y= & °° for N= 3, 6, 8. 
n=l 2 


3. Evaluate the sum sine + sin2a +...-+ sinna, 


4, If 3,,(0) = So(%) + oe ' -+ Orn) where o,(«) has the value 
m 
6, (a) = $+ cosa + cos2a -+...-+ cosa, prove that 


(The expression s,, is called the “ Fejér kernel ”, and is of great importance 
in the more advanced study of Fourier series.) 
5. Show that 1 i fag( den = 1, 


—_— 


where ,,(«) is the Fejér kernel of Ex. ¢. 


3. Fourier SERIES 
The function 


n 
S(z) = a-+ X (a, cos ve + b, sinv2) 
v=1 
resulting from the superposition of sinusoidal vibrations contains 
2n +1 arbitrary constants a, a,, b,. The question now arises 
whether these constants can be so chosen that in the interval 
—n Sa <7 the sum S(z) shall approximate to a given function 
f(x), and if so, how they are to be found. More precisely, we 
inquire whether the given function f(z) can be expanded in an 
infinite series 
a 
f(t) =a+ Z(G, cos va + 6, sin v2). 
v=1 


Tf we assume for the moment that this expansion of the 
function f(z) is actually possible and that the series converges 
uniformly in the interval —7 <a, we readily obtain a 
simple relation between the function f(x) and the coefficients 
a= ay, a, and b,. (We shall soon see that the notation a = 4a, 
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is justified by its convenience.) We multiply the hypothetical 
expansion above by cos vz and integrate term by term, as is per- 
missible on account of the uniform convergence. In virtue of the 
orthogonality relations 
+8 i 
f sin me sinner de == 1° Lees, 
2 la, ifm=n +0, 


+f 
if sin mx cosnzdx = 0, 


—T 


+7 0, if 
if COs ma cosnads = | : * aoe, 
a, im=n, 


—-T 


proved in Chap. IV, § 3 (p. 217), we at once obtain the formula 
a, = * (fle) cos vada 
y ad? 


for the coefficients. Similarly, by multiplying the series by sin vx 
and integrating, we have 


1 et . 
b=- dz. 
5 =| (x) sin vada. 


These formule assign a definite sequence of coefficients 
a, and b,, usually called the Fourier coefficients, to every 
function f(z) which is defined and continuous in the interval 
— Sa <7, or has only a finite number of jump discontinuities 
there. If the function f(x) is given, we can use these quantities 
a,, b, to form the Fourier partial sums 


S, (2) = $a) + > (a, cos va -+ 6, sin vx), 
vol 


and we may also formally write down the corresponding infinite 
“ Fourier series”. Our problem is to distinguish simple classes 
of functions f(x) for which this Fourier series does actually con- 
verge and does represent the function. 

In order to formulate the result which we wish to prove, we 
introduce the following definition. A function f(x) is said to be 
sectionally smooth* in an interval if it is itself sectionally 
continuous f (that is, continuous in the interval except for a 


* Ger. stiickweise glait. t Ger. stiickweise stetig. 
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finite number of jump discontinuities) and if in addition its first 
derivative f’(x) is sectionally continuous. 

We shall imagine the function f(x) originally defined in the 
interval —a <a <7 to be periodically extended. 

At each point at which the function f(x) has a jump discon- 
tinuity we shall alter the function, if necessary, and shall assign to 
it the value which is the arithmetic mean of the left-hand limit 
and the right-hand limit of f(x); that is, we write 


f@) = 4f@—0+f@+ 9%), 


where f(z —~ 0) and f(z -+ 0) are simply the limits of f(%) as Z 
approaches 2 from the left and from the right respectively. This 
equation is obviously true for every point x at which f(z) is con- 
tinuous. 

Our goal is the following theorem: 

If the function {(x) ts sectionally smooth and satisfies the above 
equation, then its Fourier series converges at every pont x and 
represents the function.* 

Further, we shall prove the following theorem: 

In every closed interval in which the function f(x) (imagined 
periodically extended) is continuous as well as sectionally smooth, 
the Fourier series converges uniformly. 

Finally: 

If the function {(x) is sectionally smooth and has no dis- 
continuities, the Fourier series converges absolutely. 

The proofs of these theorems will be postponed until § 5 
(p. 447). Here we merely wish to emphasize that the functions 
which can be expanded according to these theorems have a very 
high degree of arbitrariness; it is by no means necessary that 
the functions should be given by a single analytical expression. 

In the next section we shall display the extraordinary 
fertility of the Fourier expansion by discussing a number of 
examples. 


*It may be remarked incidentally that this theorem can be proved for 
more general classes of functions. The result formulated here, however, suffices 
for all applications. 
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4. EXAMPLes oF Fourier Series 


1. Preliminary Remarks. 


We shall assume that our functions f(x) have the period 27 
and are defined in the interval —7 < x < 7. Beyond this interval] 
to the left and the right, they are to be extended periodically, 
as on p. 426. 

Before going into details we remark that if f(x) is an even 
function (cf. p. 20), then clearly f(x) sinve is odd and f(z) 
cos vz is even, so that 


+r 7 
b= = f(x) sinvadz = 0; a,= sb J (x) cos veda. 
a4 _3 mo 


We thus obtain a “ cosine series”. If, on the other hand, the 
function f(x) is an odd function, then 


+7 al 
a, = af F(x) cos vada = 0; = 2 f J (2) sin veda, 
Td oo» ty 
We therefore obtain a “ sine series ’’.* 


2. Expansion of the Functions p(x) = <x and p(x) = %x?, 


For the odd function z we have b, = 2 Ff "¢ sinvedz, and on integra- 
tion by parts * Jo 


aes : ff cosveds = (—1)y+1 x 
0 v 0 v 


—2Z COS VX 


T 
~b,= 
2.°? ) 


Hence for the periodic function (x) which in the interval —n < @ < 7 is 
equal to x (cf. fig. 7) we obtain the expansion 


blz) =2 (=e — nm + —— ei .). 


If we put 2 = 1/2 we obtain Gregory’s series, 


bd Ling 

~=1—-+4+2£-—+4+..., 

4 3 a 5 = 

with which we are already familiar (p. 319). The function (x) represented 
by this series is not a continuous function; on the contrary, it jumps by 


* Consequently, if the function f(x) is initially given only in the interval 
0 <2 < 7, then we can extend it in the interval —w7 < 2 < 0 either as an 
odd function or as an even function, and correspondingly expand the function 
in the interval 0 < z < 7 either in a sine series or in a cosine series. 
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an amount 2x at the points = kn, k= +1, +3. +5,.... At these 
points of discontinuity, that is, at the points x = kr, k= +1, +3, +5,..., 
each term of the series is zero, and hence the function itself is zero. Hence 
at the points of discontinuity the series represents the arithmetic mean 
of the left-hand and right-hand limits. 

If & is any fixed number between —7x and z, and if we replace x in the 
above series by (x — &), we obtain the series 


bie — 2) = 2 (mem E) —— Oy ansie— &) Shs oe -) 


= _ sin & cosz + : cos sinz + sind cos 22 


- ; cos2& sin2a — : sin3& cos3a + cos3& sin3a+... 


4) 


Fig. 7 


This may also be written in the form of a Fourier series with coefficients 


— —]yr-1 
a =0, a,= 2" sinn—, 6, = cr cosn&, 


which tend to zero as n increases; this series represents a function having 
the discontinuities described above at the points z= § +7,7=€+3n,.... 

For the even function 9(x) = 2? we find, on integrating by parts twice, 
that 


aa 2 [x coevwidr = (1p © (v > 0), 
Edy ve 

bia oie 

0 3° 


(x) = 


rn cosz cos2z , cos3z 
=a en ~-— +... ). 
3 ( 1? 22 + 32 a3 ) 


By differentiating this series term by term and dividing by 2 we formally 
recover the series for }(”) = x. 


15°® (£798) 
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3. Expansion of the Function x cosx. 
For this odd function we have 
a,=0, b= ef cos sin va dx. 


7 JQ 
By using the formula 


[U zsinuxde = (—1ye1* (u=12,...) 
0 ue 


found in the previous sub-section, we evaluate b,: 


by = = [ecosesinve de = © [ n(sin(y + lye envi Velde 
oS Go fa 2 z= 
= + a 0H 28 


. 
. 
‘ 
4 
, 
' 
’ 
t 
) 
t 
' 
1 
, 
‘ 
. 
. 
' 
. 
. 
, 
‘ 
1 
e 
e 


> ty 


Fig. 8 


We therefore obtain the series 


1 
2% COs = —pgsne +2 x 


sin va, 
y=2 1 


v2 
and if we add the series found on p. 440 this becomes 


1.2.3. 2.3.4'3.4.6 


a(1 + cosz) = ; sing + 2( ld aise es +.. a: 


When the function which is equal to x cosz in the interval -m7 <e<n 
is extended periodically beyond this interval, the same discontinuities 
(of. fig. 8) occur as are exhibited by the function ¢)(x) considered in No. 2. 
On the other hand, if the function x(1 + cosz) is periodically extended it 
remains continuous at the end-points of the intervals, and in fact its deri- 
vative also remains continuous, since the discontinuities are eliminated 
by the factor 1-+ cosz, which together with its derivative vanishes at 
the end-points. 
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4. The Function f(x) = |x|. 
This function is even; consequently b, = 0 and 
2 cd 
a, = - = cos va dz, 
7 Jo 


and on integration by parts we readily obtain 


—) [sinve de 
0 vJo 


0, if v is even and = 0, 


su 1 
i a cos va dz = - x sinve 
0 ’ 


2 
yr if v is odd. 


Consequently 
fle) = —* (conse + 283 + SEP + ...). 
7 


If we put 2 = 0, we obtain the remarkable formula 


5. Example. 
The function defined by the equations 
—1, for —7~7 <2 <9, 
f(x)= 0, for x = 0, 
+1,for0<a<n, 


Fig. 9 


as indicated in fig. 9, is an odd function. Hence a, = 0 and 
0 if v is even, 


4 
— if v is odd, 
Ty 


so that the Fourier series for the function is 


sey = (BF4 Ey ...). 


For z= . in particular, this again yields Gregory’s series. 


This series can be formally derived from that for { z| by term-by-term 
differentiation. 
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6. The Function /(2) = | sin x |. 


The even function f(x) = | sinz| can be expanded in a cosine series, 
the coefficients a, being given by the following calculation: 


5% = [sna cos va daz = 2 Sf tiny + 1)z— sin(v — 1)a} dz 


0 if v is odd, 
= er if v is even. 
We thus obtain 
3 2 4 2 cos2px 
F(z) = | sine | = = — realy a 


7. Expansion of the Function cosux. Resolution of the Cotan- 
gent into Partial Fractions. The Infinite Product for 
the Sine. 

Let f(x) = cosux for —n < x < 7, where yu is not an integer. Since 

f(z) is even we again obtain b, = 0, while 


wT * 1 7 
9% = cos px cos veda = A {cos(u + v)a% + cos(u — v)a}da 
— | psin(ut vy, sin(y — vj 
a 3{ uty ear 
= eo sina 
We thus have 


2usinun { 1 COS % cos 2% 
COs La = = (Go-go ptacet-) 
This function remains continuous at the points x= +7. If we putz= x, 
divide both sides of the equation by sinywx, and then write x instead of p. 
we obtain the equation 
22/1 1 1 
wine = 2(a+gontaoat) 

This is the so-called resolution of the cotangent into partial fractions, a very 
important formula frequently discussed in analysis. We now write this 
series in the form 


1 2a 1 1 
oa ag ad tl atmat goat}: 


If z lies in an interval 0 Sz <q < 1, the n-th term on the right is less in 
2 41 
x nt—g 


absolute value than Hence the series converges uniformly in 
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this interval, and can be integrated term by term. We thus obtain 


= 1 . : : 
xf (cot mt — *\ at = log a iim jp log 22 ™* 
0 ret. TH a—->0 Ta 72 


on the left, and 
a 2 : nm Fo 
log (1 _ a) + log (1 _ x) +... = 2 lee (a - =) 


on the right, multiplying both sides by ™. If we pass from the logarithm 
to the exponential function we have 


n n 
i lim = log(1—x*/v* ae | 
sinnx open jog (1 —x*/v*) — eat x*{v*) 
Lied n> 
n fom 
n—>ov=l v 


Hence 

. a x? a 

sn re = nz (1 — si) 0 - )(1-&) + . 
We have thus obtained the famous expression for the sine as an Aifinite 
product.* From this, by putting z= : we obtain Wallis’s product 


2v 2v _22 4 4 
= Teac 


v—1'2v+1 1°3°3°6 


< 

4 

my 
bo 


as on p. 224. 


8. Further Examples. 


By brief calculations similar to the preceding we obtain the following 
further examples of expansions in series. 

The function f(x) which is defined by the equation f(x) = sinyx for 
~—n <2 <m can be expanded in the series 


sener ( sinz 2sin2x  3sin3x + ) 


f(x) = sinys = r we— 1? p2— 22 we— 3? 


If we put «= 5 and use the relation sinux = 2 cin cos, this 


gives us the resolution of the secant into partial fractions, that is, of 


the function ; this expansion is 


cosy 
neeens = —— = z ona) 
Te Coane yay 4a®@— (2v— 1)” 


where for ./2 we have written x. 


* This formula is particularly interesting because it shows directly that 
the function sin wz vanishes at the points z = 0, +1, +2,.... In this respect 
jt corresponds to the factorization of a polynomial when its zeros are known. 
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The series for the hyperbolic functions cosh ux and sinh pu(—n<a2<n) 
are 


cosh wa = 2u sinh wr (; = 
v 2 


COs % cos 2a cos32 cae ) 
wet y2+ 2 pit 3? ? 

sint 2 sin 2a a 3sin3dr te ) 
ve+le wet oe ' p24 ga 


sinh uz = = sinh un ( 
tw 


EXAMPLES 


1. Find the Fourier expansions for the functions which are periodic 
with period 2x and which in —z < 2 <7 are defined by the formule 


(a) e%, (0) (a — 1?) (c) sinaxz(1 + cosz). 
(2) f(z)=1(aSeS<b), f(x)=0(—n <2 <a), f(z) =0(b<2Sn). 
2. The function f(t) is periodic with period 1, andinO0 <a <1 it is 
. 1 1 & sin2nxt 
given by f(t) = t. Prove that f(t) = a x . 


n=1 


3. The polynomials B,,(¢) (Bernoulli polynomials) are defined by the 


1 
relations: (a) B,(t)=t— 4}; (b) B,’(t) = nB,4(); (c) f B,(t) dt = 0. 
Find B,(t), B,(t), B,(2). z 
(Note.—The numbers B,,(0) are rational, and are, in fact, the same aa 
Bernoulli’s numbers B,,; cf. pp. 422, 423.) 


4. Verify the Fourier expansions for the Bernoulli polynomials: 


1 f $% sin2nnt 3 5 Sin2nrt 
Byt)= —1 yet By) = 2, {2 } 
6 {2 n J? (= 95 nv on OS” 
B,(t) = 1 { zr oe}, Bt) = _3 { zr cone 
7? Nae nt Tet Ne nt 
~ 1_ 7 > l_ x! 
5. P. t =—, a =. 
ies Bah n= 6 n=in* 90 
1 1 1 1 nS 
6. Prove that eo gt Bo ae! 
1 1 1 x 
7. Prove that (a) ltatatates = 
1 1 1 me 
(6) lia aoe eee. 
1 1 1 T12 
(c) MS ge tg gat Ht ag" 
8. Obtain the infinite product for the cosine from the relation 
sin 2rz 
cos ne = 


2sinza 
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5. Tae ConvERGENCE or Fourier SERIES 


We now proceed to establish rigorously the theorems which 
were stated in § 3 (p. 439) and illustrated in § 4 (p. 440). 


1, The Convergence of the Fourier Series of a Sectionally 
Smooth Function. 

We first recall that if f(z) is any function which is defined 
and sectionally continuous (that is, continuous except for a 
finite number of jump discontinuities at most) in the interval 
—m <2 <7, we can form the Fourier coefficients of f(x) accord- 
ing to the formulz 


+r +r 
a, = af f@cosvid, b= =f S(@ sinvidt, 
TI» T/ = 
and we can formally write down the series 
$a) + & (a, cos vx + B, sin vz). 
v=1 


This series is called the Fourier series corresponding to f(z), 
irrespective of whether it converges or not. We are now about 
to find the conditions which must be imposed on f(z) in order 
to ensure that the Fourier series corresponding to f(x) does con- 
verge and does represent f(z). We assume that f(x) is extended 
periodically beyond the interval —7 << a2 <7. 

The theorem which we shall now prove is as follows: 

If the function (x) is sectionally smooth * and at each point of 
discontinuity (x) satisfies the equation f(x) = 4{£(x—0)+£(x+ 0)}, 
then the Fourier series corresponding to {(x) converges at every point 
and represents the function. 

To prove this theorem we consider the partial sums 


8, (2) = 4a) + z (a, cos vz + 6 sin va). 
v=1 


If for the coefficients we substitute the integral expressions 
found above and then interchange the order of integration and 
summation we obtain 


tr n 
S,(2) = =f. (2) { ; +2 Koos vt cos vz -+- sin vt sinva) } dt, 


* That is, f(x) is sectionally continuous and its derivative f(x) is sectionally 
continuous also. , 
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or, using the addition theorem for the cosine, 
S,(z) = ah ‘Tou = z cos y(t — 2) de 
It we now apply the summation formula obtained on p. 436, this 


becomes 
8,(z) = sf. “Fy Set 2 — 2) (n + 4) — 2) ) at. 


sin $(t—2) 


Finally, making the transformation += (¢ — x) and noting the 
periodicity of the integrand, we obtain 


S.0)= [flat MOLD a, 


sin} T 


Starting with this form of the partial sum S,(z) we can 
prove, by means of the following lemma, that S,(x) tends 
to f(z). 

Lemma. If the function s(x) is sectionally continuous in the 
interval aS xb, then the integral 


=] s(t) sinAtdt 


tends to 0 as X increases. 

In the proof we may take s(x) to be continuous in the 
whole interval, since otherwise we need only carry out the 
argument for each sub-interval in which s(x) is continuous. 

As in the similar argument on p. 418 ef seq., we notice 
that if A is positive the function sin X is alternately positive and 
negative in successive intervals of length 7/A. For large values of 
A the contributions to the integral from adjacent intervals almost 
cancel one another, since on account of continuity the values of 
s(x) in two such adjacent intervals differ from one another only 
slightly. We make use of this circumstance by transforming the 
integral I by the substitution t= 7-+ h, where h=a/A; then 
sin 44 = —sin Av, and we obtain 


b—h 
7 —{ s(7 + h) sin Ar dr. 
a—h 


If we again write the letter ¢ instead of 7 and then add the two 
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expressions for Z, we have 
a b- 
= —f s(t-+ A) sin Nd +f {s(t — s(¢ + h)} sin Medt 
a—h a 
“Ab 
t) sinAtdé. 
als On 


If M is an upper bound for the absolute value of s(x), that is, 
if for all values of x in the interval under consideration | s(z) | 
SM, then from this expression for J the inequality 


b—h 
2|1|<2mh+f | s(t) — s(t + h) | de 


follows at once. Now let ¢ be any positive number; if we choose 
d so large that in the whole interval a <t < b — h the expres- 
sion | s(t)— s(¢+ h)| remains less than «/(b— a) and also 
Mh= < < _ then |I| <<; and consequently,* since € can 
be chosen as small as we please, lim J = 0. 

a 


>o 
Besides this lemma we need the integration formula 


sin(n + $)t $)t 
ie ~ Qsinkt | a= 2. 


which is true for every positive integer n. This we readily estab- 
lish by using our summation formula for the cosine, since 


f a em (4 + 3 cos) de = 5. 


2 sin $t 
Proof of the Main Theorem.—By means of the lemma it 


is easy to prove our main theorem, i.e. to prove the formula 


lim 8,(2) = tim 2 ff +9 MOTD a — pe, 


n—>© sin 3t 


*Tf we assume that s(x), besides being continuous, has a sectionally con- 
tinuous derivative ¢‘(z), the proof of this lemma follows simply on integration 
by parts. For 

ri *s(t) sindidi = i foe) cosAa — a(b) cosdb + i s(t) cos dt} 
a a 


Here we see at once that as ) increases the right-hand side tends to zero. 
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We begin by subdividing the interval of integration at the 
origin. For fixed values of x the function * 
a(t) —LELO—fE+9 
2 sindé 
is sectionally continuous in the interval O<t<-. For this is 


obvious when 0 <¢ < 7, while the continuity when t = 0 follows 
from the assumed existence of the right-hand derivative 


lim fern fer) tim f(@+t)—f(e+0) 2sin}t 


i->0,t>0 t—>+0 2 sin $t : t 
ary S(e+t)—fla+ 0) 
t>+0 2 sin dt 
Hence, as X = n+ i increases, the integral 
ls” ; 
=f s(t) sin At dt 
sin At 1 jain At 
=~ freto® amy 3 ah fet sae 


tends to zero. 
Since, however, the factor f(z + 0) can be taken out of the 
second cesta on the ox and since for A= + $ the integral 


if as ra dt is equal to = a we immediately obtain the equation t 


tim af fern 


sin Mt iy 


ape fet) 


In the same way we obtain 


tim 2 f° fet eta 1 He — 0, 


ae On sin $f 
for the interval —7 <t < 0, and by addition 
sin XA 
t dt = f(x 
din 2 [fet oh a= fe, 


* For this notation see p. 439. 
t By putting « = 0, f(#) = (sin }#)/t in this equation, and then replacing ¢ 
by /A, we obtain the important peciage (cf. pp. 251-253) 


* gin u a 
lim fine gy 7 
Aw /g & 2 
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2. Further Investigation of the Convergence. 


In the neighbourhood of those points where the function f(z) 
is discontinuous the Fourier series does not converge uniformly; 
for according to Chap. VIII, § 4 (p. 393), a uniformly convergent 
series of continuous functions possesses a continuous sum, Never- 
theless, we have the following important theorem: 

Tf a sectionally smooth periodic function has no discontinuities, 
its Fourier series converges absolutely and uniformly. The conver- 
gence of the Fourier series for any sectionally smooth function what- 
ever is uniform in every closed interval which contains no point 
of discontinuity of the function. 

In order to prove this theorem we start from a fundamental 
inequality satisfied by the Fourier coefficients of any function 
f(x) which is sectionally continuous (note that f(x) is not assumed 
to be sectionally smooth). This so-called Bessel’s inequality states 
that for all values of n 


Fae: Dy a2 +6)<1 ["f@}ae. 
) 0 4 v vis aie Eee 
The proof follows from the fact that the expression 
+r n 2 
J { f(@) — 4a ~ X (a, cosva-+ b, sin vz)} da 
ae vel 


is always positive or zero. If we evaluate the integral by 
expanding the bracket under the integral sign and recalling the 
orthogonality relations and the definitions of the Fourier 
coefficients, we at once obtain Bessel’s inequality in the form 


[reapas— flat + 3 a2+52} 20. 


In addition to Bessel’s inequality we make use of Schwarz’s 
inequality (p. 13): if aw, ug,..., Un and %, Ug... U,_ are 
arbitrary real numbers, it is always true that 

n 2 n n 
( >» a) Stu?. rv, 
ye v=1 vol 
the sign of equality occurring only when the sequence u is pro- 
portional to the sequence v. 

We now assume that the periodic function f(z) is sectionally 

smooth, and also continuous. The derivative g(x) =/f‘(z) is 
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sectionally continuous, and we easily show that c, and d,, the 
Fourier coefficients of g(x), satisfy the relations 


Co = 0, 
= vb 
Cee 1); 


for on integration by parts we have 
ltt 
c= ys g(x) cos va dx 
avon 


+r +7 
=* f(2) cos ve | +2f f(a) sin ve dx = vb,, 
TT _—T aTd—7 


a similar proof holding for the other statements. 
Bessel’s inequality applied to the function g(x) therefore 
gives us 


2 ‘ n 1 +r 
(a2+62)=2(62+42)<— f  {9(a)}*de. 
v=1 v=] Tne 


If for brevity we denote the right-hand side of this inequality 
by M?, and apply Schwarz’s inequality, we find that when m > n 


z | a, cosva + b, sinva| < = /(a,? + 5,?) 
vontl 


vent+l1 


- J, i eva? + b)} a m|(, =. *) 


since +/(a,2 + 6,2) is the amplitude of the periodic function 
a, cosve -+ 6, sin va. 


ao 
But owing to the convergence of & F the right-hand side, 
vel V 


which is independent of 7, can be made as small as we please by 
choosing and m large enough, which proves the absolute and 
uniform convergence of the series.* 

In order to prove the above theorem for sectionally smooth 
functions which are discontinuous, we first consider a special 
function (x) of this type. 

* The same considerations show incidentally that for periodic functions 
with continuous derivatives of the (A — 1)-th order and derivatives of the 
h-th order which are at least sectionally continuous, the sum Sy2M(a,2 + by?) 


remains below a fixed bound. This gives us a definite statement about the 
order to which the Fourier coefficients vanish. For such a function the Fourier 
series of the derivatives up to the order (4 — 1) converge absolutely and uniformly. 


IX] CONVERGENCE OF FOURIER SERIES 453 


In the interval —a < x < 7 we define ¢(z) as equal to 7; out- 
side this interval (x) is extended periodically. According to 
p. 440 its Fourier series is 


sing gsin2z , sin3e 
2( _ 5 + 3 ~+...). 


This series cannot be uniformly convergent, for its sum is 
the discontinuous function (x). We shall show, however, 
that the convergence is uniform in every interval —l<a2<l 
for which O0<l<za. 

The proof is based on a special artifice.* We observe that in 


the interval —l < 2 <1 the function cos 5 is never less than the 


U 
positive quantity cos ga If we multiply the absolute value 


of the difference between the m-th and n-th partial sums of the 
above series (m > n), that is, the expression 


=2 sin(n+ l)x _ sin(n + 2) sin mar 


n+1 n+2 Be 


by the function cos > then in accordance with the well-known 


trigonometric formula 2 sinu cosv = sin(u + v) + sin(u— v), we 
obtain the absolute value of the expression 


x sin(n+ 1)@__ sin(n+ 2)e a sin max 
ee | 
= in(nt 2)z_sin(nt 3)e 4. sin (m+ 3)% 
~~ atl n+2 ae: m 
sin(n-+-3)x__ sin(n+3)a _, sin(n+3)2 __ 
T n+l n+2 + n+3 pare 


* We are led to this artifice naturally by observing that the function 2y cosy, 
when extended periodically beyond the interval = sys oe remains con- 
tinuous, so that according to the first part of the theorem its Fourier series 
must converge uniformly and must represent the function. This series, however, 


is obtained if we multiply the Fourier series for 2y by cosy. If we now put 
y = ~/2, this multiplication leads to the steps in the text. 
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If we combine the terms on the right which have the same 
numerators, we obtain the expression 


sin (n + 4)a " sin(m + 4)x 


n+1 a m 
sin(n+3)e _— sin(n+ $)a veges =: sin (m — 3)# 
@+1)@+2) (@+Am+3)° °° Gn—1)m’ 


and since cos 2 « and |sinu| <1, we obtain the estimate 


| S,n (2) — Sp (a) | 
<! 1 
isthe eanerat teal 
But the expression on the right does not apes on 2, and in 


virtue of the convergence of the series z it can be made 


yeiv(y + 1) 
as small as we please by choosing m and m large enough. This 
implies the uniform convergence of the Fourier series, which we 
asserted. 

Now that we have obtained the expansion for a particular 
discontinuous function, we can (cf. p. 441) transfer the discon- 
tinuity to any arbitrary point in the interval by translation of 
the curve or of the co-ordinate system. In fact, the function 
see j=2(@e— £)_sin?(oe— é), nse +...) 
is continuous except at the points (2k + 1)m-+ &, where k is an 
integer. On passing these points, however, the function jumps 
by an amount —2z, from the value 7 to the value —z, while at 
these points themselves the value of the function is zero. 

If now f(x) is any sectionally smooth function which in the 
interval —7 [27 is discontinuous only at the points 
£1, £4, +665 &m, and if on passing these points from left to right 
the function jumps by the amounts 6,, 8,,..., 5,, respectively, 
then the aorta 


fee) + 3 Abeta — 8) +22 he cede) 


+2" (etm by) 
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will be continuous and sectionally smooth, and hence by the 
previous proof can be expanded in a uniformly convergent Fourier 
series. We now obtain the Fourier series of the function f(x) by 
adding the finite number of Fourier series corresponding to the 


functions sO b(t+a—),..., euriere m— £m) term by 
Qa Qa 


term. Our theorem is thus proved. 

This result is quite adequate for most mathematical investi- 
gations and for applications. We would, however, point out 
that the investigation of Fourier series has been pushed much 
further. The conditions for expansion in Fourier series which 
we have found here are sufficient, but by no means necessary. Func- 
tions with far fewer continuity properties than those discussed 
here can be represented by Fourier series. There is an extensive 
literature devoted to these questions and to the general problem 
of the expansibility of a function in a Fourier series. As a 
remarkable result of such investigations we mention the fact 
that there are continuous functions whose Fourier series do not 
converge in any interval, no matter how small. Such a result 
does not in any way impugn the usefulness of Fourier series; 
on the contrary, it must be regarded as evidence that the con- 
cept of a continuous function involves fairly complicated possi- 
bilities, as has already been shown by the example of continuous 
functions which nowhere have a derivative. 


Appendix to Chapter IX 


INTEGRATION OF FourmR SERIES 


One of the remarkable properties of Fourier series is their 
term-by-term integrability. In general, a series can be integrated 
term by term if it is uniformly convergent; otherwise term-by- 
term integration may lead to false results. In contrast with this, 
for Fourier series, we have the theorem: 

If i(x) ts sectionally continuous in —17 <x< 7, and f the 
series 4a)-+ X(a, cosx+ b, sinx) ts the Fourier series corresponding 
to £(x), then this serves can be integrated term by term between any 
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two limits € and x lying in the interval —n <x Sz; in symbols, 
[fod =f 4a, da + 2 ( a, cos veda +f b, sinvede). 


Moreover, for every fixed value of & the series on the right converges 
uniformly in x. The remarkable feature of this theorem is that 
not only do we not require that the Fourier series for f(x) shall be 
uniformly convergent, but we need not even assume that it 
converges at all. 

To prove this, let the function F(x) be defined by the equation 


F(z) = f { f(x) — 4a)}dx. This function is sectionally smooth, 

and by the definition of a, we have F(z) = F(—7) = 0, so that 

F(x) can be extended periodically and continuously. The Fourier 

series $4)-+ Z (A, cosva + B, sinva) of the function F(x) there- 
y=] 


fore converges uniformly to F(x). We now investigate the co- 
efficients A, and B,. By integration by parts as on p. 449, we 
find that, for vy > 0, A, = —b,/v and B,=a,/v. Hence for any 
values € and @ in the interval ~77 < 4S 7, we have 


F(a) — F(é) = > {A, (cos vz — cos vé) + B, (sin ve — sin vé)} 
ve] 


a 3 be (sin ve — sin vé) cafe (cos vz — cos vé) te 
v=1\v Vv 

converging uniformly in x. If we replace F(x) by its definition, 

this becomes 


” f(a) dz — 4a, { de = = (a, { cos vede + b, f sin vada), 
0 
é é vol “E é 


which was to be proved. 

It is easy to see that if f(x) is periodic and sectionally con- 
tinuous the term-by-term integration can be performed over any 
interval whatever. 


CHAPTER X 


A Sketch of the Theory of Functions 
of Several Variables 


Up to this point we have concerned ourselves exclusively 
with functions of a single independent variable. We must now 
go on to consider functions of several independent variables. 
Even the applications of the calculus force us to take this step. 
In almost all the relationships which occur in nature, in fact, the 
functions in question do not depend on a single independent 
variable; on the contrary, the dependent variable is usually 
determined by two, three, or more independent variables. Thus, 
for example, the volume of an ideal gas is a function of a single 
variable, the pressure, if we keep the temperature constant, but 
not otherwise. As a rule the temperature also varies, and the 
volume depends upon a pair of values, namely, the value of the 
pressure and that of the temperature; it is therefore a function 
of two independent variables. 

From the point of view of pure mathematics also, the need 
for detailed study of functions of several independent variables 
is urgent. Here we shall be able to take advantage of what we 
have previously learned, so that in many cases we have only to 
make simple extensions of our arguments. 

It is usually sufficient to consider the case of only two inde- 
pendent variables x and y, so long as no essentially new con- 
siderations are required for an extension to functions of three or 
more variables. In order to keep our statements and notation 
simple, therefore, we shall consider only two independent 
variables as a rule. 

A systematic presentation of the differential and integral 
calculus for functions of several variables is impossible within 


the compass of this volume, but will be given in Vol. II 
457 


458 FUNCTIONS OF SEVERAL VARIABLES § [Cuap. 


of this treatise. All that can be done here is to give the reader 
a preliminary view of some of the most important new concepts 
and operations. We shall frequently rely on intuitive plausi- 
bility, the full proofs being developed subsequently in Vol. I. 


1. Tae Concert oF FuncTION IN THE CaSE OF SEVERAL 
VARIABLES 


1. Functions and their Ranges of Definition. 
Equations of the form 
u=ePty, u=a—y, uw, or u=a/(l— a y’) 


assign a functional value u to each pair of values (x, y). In the 
first three of our examples this correspondence holds for every 
system of values (a, y), while in the last case the correspondence 
has a meaning only for those pairs of values (x, y) for which the 
inequality 27+ y* <1 is true. 

In these cases we say that u is a function of the independent 
variables x and y. This expression we use in general whenever 
some Jaw assigns a value of wu as dependent variable, corre- 
sponding to each pair of values (x, y) belonging to a certain 
specified set. The relation between x, y and u may be stated in 
terms of a “functional equation”, as above, or by means of a ver- 
bal description such as “w is the area of the rectangle with sides 
xand y”, or it may follow from physical observations, as, for in- 
stance, in the case of the magnetic declination for different lati- 
tudes and longitudes. The essential thing is that a correspondence 
exists. Similarly, u is said to be a function of the three inde- 
pendent variables z, y, z if for each triad of values (s, y, z) of a 
certain set there exists a corresponding value of u given by some 
definite law; and similarly for the general case of functions of n 
independent variables 2,, %,...,5 Up 

The set of values which the pair (x, y) can assume is called 
the range of defimtion of the function u = f(a, y). For the pur- 
poses of this chapter we shall restrict our attention to the sim- 
plest types of range of definition. We shall consider that (2, y) 
is limited either to a so-called rectangular region (domain) 


asses, eSysd, 
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or else to a circle determined by an inequality of the form 
(2 ~ a)? + (y— bP Sr. 
In the case of functions of three variables 2, y, z we shall again 
consider only rectangular regions 
aseS5b, cSySd, eSzSf 
and spherical regions 
(@— a)? + (y— bP + @—oP Se 


Tn dealing with more than three independent variables geometri- 
cal intuition fails us, but it is often convenient to extend geo- 
metrical phraseology to this case also. Thus for functions of n 
variables z,,..., %_ We shall consider regions 


4S Sh, Gy St Sby,..., Oy, Sty, Sb, 
and also regions 
(2 — %)? + (@,— Gg)? ++... + (Sn— a, SP, 


which we call rectangular regions and spherical regions respec- 
tively. 


2. The Simplest Types of Functions. 


Just as in the case of functions of one variable, the simplest 
functions are the rational integral functions or polynomials. 
The most general polynomial of the first degree (linear function) 
is of the form 


u==ax-+t by +e, 


where a, b, and ¢ are constants. The general polynomial of the 
second degree has the form 


= ax* + bay + oy? + dx + ey +f. 


The general polynomial is a sum of terms of the form a,,,2™y", 
where the quantities a,,, are arbitrary constants. 

Rational fractional functions are quotients of polynomials; 
to this class belongs e.g. the linear fractional function 


— at bte 
avz+ byte" 


460 FUNCTIONS OF SEVERAL VARIABLES [Cuap. 


By extraction of roots we pass from the rational functions to 
certain algebraic functions,* e.g. 


w=] (22) + V(Gt2}. 


In the construction of more complicated functions of several 
variables we almost always fall back on the well-known functions 
of one variable;t e.g. 


u=sin(zy) or u= log(y?+ cosdz). 


3. Geometrical Representation of Functions. 


Just as we represent functions of one variable by means of 
curves, we seek to represent functions of two variables geometri- 
cally by means of surfaces; henceforward we shall consider only 
those functions which can actually be represented in this way. 
We achieve this representation very simply by considering a 
rectangular co-ordinate system in space, with co-ordinates 2, 
y, and u, and marking off above each point (x, y) of the range 
(R) of definition of the function the point P with the third 
co-ordinate u = f(x, y). As the point (x, y) ranges over the region 
R the point P describes a surface in space. This surface we take 
as the geometrical representation of the function. 

Conversely, in analytical geometry surfaces in space are 
represented by functions of two variables, so that between such 
surfaces and functions of two variables there is a reciprocal 
relation. 


For example, to the function 
u= V(1— 22 — y?) 


there corresponds the hemisphere lying above the 2, y plane, with unit 
radius and centre at the origin. To the function u = a? + y? there corre- 
sponds a so-called paraboloid of revolution, obtained by rotating the para- 
bola w= 2? about the u-axis (fig. 1). To the functions u = 2? — y® and 
wu = xy there correspond hyperbolic paraboloids (fig. 2). The linear function 
u = ax -+ by + c has for its graph a plane in space.t 


* For an accurate definition of the term “ algebraic function ” see p. 485. 

+ Cf. also the section on compound functions (p. 472). 

{ If in the function u = f(z, y) one of the independent variables, say y 
does not occur, so that uw depends on @ only, say wu = g(x), the function is 
represented in zyu-space by a cylindrical surface obtained by erecting the 
perpendiculars to the uz-plane at the points of the curve u = g(z). 
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This representation by means of rectangular co-ordinates 
has, however, two disadvantages. Firstly, intuition fails us 
whenever we have to deal with three or more independent vari- 
ables. Secondly, even in the case of two independent variables it 
is often more convenient to confine the discussion to the zxy- 
plane alone, since in the plane we can sketch and make geometrical 
constructions without difficulty. From this point of view another 
geometrical representation of the function, by means of contour 
lines, is to be preferred. In the zy-plane we take all the points 
for which u = f(z, y) has a constant value, say u=k. These 


Fig. 1.— u = x7 + 5% Fig. 2.— u = x*— y* 


points will usually lie on a curve or curves, the so-called contour 
line for the given constant value of the function. We can also 
obtain these curves by cutting the surface u= f(z, y) by the 
plane u = & parallel to the zy-plane and projecting the curves 
of intersection perpendicularly on to the vy-plane. The system 
of these contour lines, marked with the corresponding values i, 
k,,... of the height &, gives us a representation of the function. 
As a rule & is assigned values in arithmetic progression, say 
k = vh, where v= 1, 2,.... The distance between the contour 
lines then gives us a measure of the steepness of the surface 
u= f(x, y); for between every two neighbouring lines the value 
of the function changes by the same amount. Where the contour 
lines are close together the function rises or falls steeply; where 
the lines are far apart the surface is flattish. This is the principle 
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on which contour maps such as those of the Ordnance Survey 
and the U.S. Geological Survey are constructed. 


In this method the linear function wu = ax + by + ¢ is represented by 
a system of parallel straight lines az-+ by+ c= k. The function u= a?-+ y? 
is represented by a system of concentric circles (ef. fig. 3). The function 
u = a? — y®, whose surface has a saddle point at the origin (fig. 2) is re- 
presented by the system of hyperbolas shown in fig. 4. 


The method of representing the function u = f(z, y) by con- 
tour lines has the advantage of being capable of extension to 
functions of three independent variables also. Instead of the 


y m 
< oe 
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Fig. 3.—Contour lines of u = x* + y* Fig. 4.—-Contour lines of u = x* — y® 


contour lines we then have the level surfaces f(x, y, z) = k, where 
k is a constant to which we can assign any suitable sequence 
of values. For example, the level surfaces for the function 
u=a-+ y? + 2 are concentric spheres about the origin of the 
co-ordinate system. 


EXAMPLE 


1. For each of the following functions sketch the contour lines corre- 
sponding to z== —2, —1, 0, 1, 2, 3: 


a iaanicl (a) 2=¥. 
(:) z= +y2—1. a ee 
(c) z= Pe y. (e) z2=Yy (i re 
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2. ContinuITy 
1. Definition. 


As in the case of functions of one variable, the basic require- 
ment that functions should be capable of being represented 
geometrically leads to the analytic condition of continuity. Here 
again the concept of continuity is given by the following de- 
finition: a function u= f(x, y), defined in a region R, is said to 
be continuous at a point (£, n) of R if for all points (x, y) near 
(£, ) the value of the function £(x, y) differs but little from £(£, 7), 
the difference being arbitrarily small if only (x, y) is near enough 
to (&, 7). 

More precisely: the function f(x, y), defined in the region R, 
is continuous at the point (€, 7) of R, provided that for every posi- 
tive number € it is possible to find a positive distance § = 8(e) 
(in general depending on « and tending to 0 with ¢) such that for all 
points of the region whose distance from (£, n) ts less than 8 
(that 1s, for which the inequality 


(@— éP+ y— nF S 8? 
holds) the relation 
lf, y) —f(é 1)| Se 
ts satisfied. Or, in other words, the relation 
[f(E+h n +h) —f(E )| Se 


is to hold for all pairs of values (h, k) such that h?-++ # < 82 
and (é + h, 7 + k) belongs to the region R, 

If a function is continuous at every point of a region R, 
we say that it is continuous in R. 

In the definition of continuity we can replace the distance 
condition h? + k? < 8 by the following equivalent condition: 

Lo every «> 0 there shall correspond two positive numbers 
8, and 8, such that 


lf(E+h n+ H—f(E7)| Se 
whenever |r| S38, and |[k] S65, 


The two conditions are equivalent. For if the original con- 
dition is fulfilled, so is the second if we take 8, = 8,= 8/4/23 


464 FUNCTIONS OF SEVERAL VARIABLES  [Cuap. 


and conversely, if the second condition is fulfilled so is the first, 
if for 8 we take the smaller of the two numbers 6, and 8). 

The following facts are almost obvious: 

The sum, difference, and product of continuous functions are 
also continuous. The quotient of continuous functions is continuous 
except where the denominator vanishes. Continuous functions of 
continuous functions are themselves continuous (cf. the note on 
pp. 473-474). In particular, all polynomials are continuous, and 
all rational fractional functions are also continuous except where 
the denominator vanishes.* 


9. Examples of Discontinuities. 


In the case of functions of one variable we met with three 
kinds of discontinuities: infinite discontinuities, jump discon- 
tinuities, and discontinuities at which no limit is approached 
from one side or both. With functions of two or more variables 
no such simple classification is possible. In particular, the situa- 
tion is made more complicated by the fact that discontinuities 
may occur not merely at isolated points but also along whole 
curves. 


Thus for the function u = the line z = y is a line of infinite 


w—y 
discontinuity. As we approach the line from one side or the other the 
values of w increase numerically beyond all bounds through positive or 


has the same line of 


through negative values. The function u = ( 7 
c—y 
discontinuity but tends to -++co as we approach the line from either side. 


The function u = has the single point of discontinuity x = 0, 


~ + y 


y = 0. The function wu = sin tends to no limit as we approach 


1 
V (a? + y?) 
the origin; the surface which it represents is obtained by rotating the 


graph of the function u = sin} about the w-axis. 
x 


Another instructive example of a discontinuous function is given by 


the rational function vu = we In the first instance the function is 


* Another obvious fact, which, however, is worth stating, is as follows: 
if a function f(x, y) is continuous in a region R and is different from zero at an 
interior point P of the region, it is possible to mark off about P a neighbourhood, 
say a circle, belonging entirely to R, in which (x, y) ts nowhere equal to zero. 
For if the value of the function at P is a, we can mark off about P a circle so 
small that the value of the function within the circle differs from @ by less than 
a/2, and therefore is certainly not zero. 
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undefined at x = 0, y = 0, and we supplement the definition by assuming 
that u(0, 0) = 0. This function has a peculiar type of discontinuity at the 
origin. If we put 2 = 0, that is, if we move along the y-axis, the function 
becomes u(0, y) = 0, which has the constant value 0 for all values of y. 
Along the z-axis we likewise have u(x, 0) = 0. Thus at the origin the 
function u(z, y) is continuous in x if we keep y at the constant value 0 and is 
continuous in y if we keep x at the constant value 0. Nevertheless, the 
function is discontinuous when considered as a function of the two vari- 
ables x and y. For at every point of the line y = 2 we find that u = 1, 
so that arbitrarily near the origin we can find points at which wu assumes 
the value 1. The function is therefore discontinuous at the origin,* and 
cannot be defined at the origin in such a way as to make it continuous. 


The above example shows that a function can be continuous 
in « for every fixed value of y and continuous in y for every fixed 
value of x and yet discontinuous when considered as a function 
of the two variables. The essential point in the definition of con- 
tinuity is that the value of the function at a point P must be 
arbitrarily close to the value of the function at a point Q, provided 
only that @ is near enough to P; it is not permissible to restrict 
the position of Q relative to P in any other way. 


EXAMPLES 


: Ble F wey 
1. Examine the continuity of the function z = - zl 
Vet x 
level lines z= k (k= —4, —2, 0, 2, 4). Exhibit (on one graph) the 
behaviour of z as a function of a alone for y = —2, —1, 0, 1, 2. Similarly, 


Sketch the 


exhibit the behaviour of z as a function of y alone for x= 0, +1, +2. _ 


Finally, exhibit the behaviour of z as a function of r alone when 0 is con- 
stant (r, © being polar co-ordinates). 


2. Show that the following functions are continuous: 


(a) sin (2? + y). (c) PrP 
(b) sinzy ety? 
Vat y? (2) 2 log(a? + y?). 


* More generally, on the straight line y = 2 tana inclined at the angle a to 
the z-axis we have u = 2 tana/(l + tan?a) = 2 sina cosa = sin2a. The sur- 
face corresponding to the function u = 2xy/(x* + y*) is therefore formed by 
rotating a straight line at right angles to the u-axis about that axis until it 
coincides with the x-axis, and simultaneously raising or lowering it so that the 
height sin 2a is associated with the angle a. As a increases up to 46° the 
straight line rises to the height 1, and subsequently falls to the level of the 
y-axis and below it to the depth 1, thereafter rising again to the level of the 
a-axis. The surface enveloped by the moving straight line is known ag the 
cylindroid; it is of importance in mechanics. 

16 : (8798) 
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__ 3. Find whether or not the following functions are continuous, and 
if not, where they are discontinuous: 


. 4 y2 e+ yi e+ ¥ 
) sin’, ij . ae 
(@): sin © s+ O ais ae ale 


3. Tae Derivatives of A Function or SEVERAL 
VARIABLES 


1. Definition. Geometrical Representation. 


If in a function of several variables we assign definite numerical 
values to all but one of the variables and allow only that one 
variable, say x, to vary, the function becomes a function of one 


Awa 
pa ii vgaa 
fbf — 


Fig. 6 


Sections of u = f(x, y) 


variable. We consider e.g. a function u= f(z, y) of the two 
variables z and y and give y a definite fixed value y= y=. 
The function w= f(x, yo) of the single variable x which is thus 
formed may be simply represented geometrically by letting the 
surface u= f(a, y) be cut by the plane y = yp (cf. figs. 5 and 6). 
The curve of intersection thus formed in the plane is represented 
by the equation u = f(x, y)). If we differentiate this function in 
the usual way at the point 7 = 2» (we assume that the derivative 
exists), we obtain the partial derivative of i(x, y) with respect to 
x at the point (9, y,). According to the usual definition of the 
derivative this is the limit * 
h>0 h 
* Tf (x, yo) is a point on the boundary of the region of definition we make 


the restriction that in the passage to the limit the point (z + h, y.) must always 
remain in the region. 
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Geometrically this partial derivative denotes the tangent of the angle 
between a parallel to the z-axis and the tangent line to the curve u = I(x: Yo)- 
It is therefore the slope of the surface u = f(x, y) in the direction of the 
X-axis. 


To represent these partial derivatives several different nota- 
tions are used, of which we mention the following: 


lim Liat Bo) — Sn Yo = fu (%, Yo) = Uz (Zs Yo) 


h->0 


£ we wish to emphasize that the partial derivative is the limit 
of a difference quotient we denote it by 


Fe Of 


Here we use a special round letter 0, instead of the ordinary d 
used in the differentiation of functions of one variable, in order 
to show that we are dealing with a function of several variables 
and differentiating with respect to one of them. 

It is sometimes convenient to use Cauchy’s symbol D, men- 
tioned on p. 90, and write 


but we shall seldom use this symbol. 
In exactly the same way we define the partial derivative of 
J (&, y) with respect to y at the point (x9, yo) by the relation 


k->0 


tim £20 Yo = Slt Yo) fry yq) = e = Dy f(t 40) 


This represents the slope of the curve of intersection of the sur- 
face u= f(z, y) with the plane «= a perpendicular to the 
X-axis. 

Let us now think of the point (2p, y)), hitherto considered 
fixed, as variable, and accordingly omit the suffixes 0. In other 
words, we think of the differentiation as carried out at any point 
(x, y) of the region of definition of f(x, y). Then the two deri- 
vatives are themselves functions of x and y: 


of (a, y) ee y) af (x,y) 


and u,(z, y) = f(z, y) = ay 


u(x, y) = f(z, y) = 
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For example, the function «= 2*-+ y? has the partial derivatives 
u, = 22 (in differentiating with respect to x the term y? is regarded as a 
constant and so has the derivative 0) and wu, = 2y. The partial derivatives 
of u = ay are uz = 32%y and u, = 2%. 

We similarly make the following definition for any number 
(n) of independent variables 


Of (1; Te, eeey Ln) 


Om 
ss im LOE ey + + +» Bn) — Sas Bey + + +» Bn) 
h—>0 h 


= f(x, Bars 09 Ln) = D,, f(x, Bo, - 029 Ln), 
it being assumed that the limit exists. 

Of course we can also form higher partial derivatives of f(a, y) 
by again differentiating the partial derivatives of the “ first 
order ”, f,(z, y) and f,(z, y), with respect to one of the variables, 
and repeating this process. We indicate the order of differen- 
tiation by the order of the suffixes or by the order of the symbols 
da and dy in the “ denominator ”, from right to left,* and use 
the following symbols for the second partial derivatives: 

0 fof of 

—f—-—)>-— > = Dp 
x (i Oa? fos of 
of of 
= = Sey = D ’ 
0 


Of\ OF ee 7 
dy \dz/ dy da fun vel 
Q (of of 
=~ =f, = Myf 
FE) = Fantom Pd 
We likewise denote the third partial derivatives by 


2 (8) = 7 fa 


0 
7) 

da 
é 


Oa \Oa? 
0 (ef\_ OF _ 
by ae re = fram 
y \dat) dyoa® 
g i —= os = foxy &c.; 


dx \Oxdy) dardy 


® In Continental usage, on the other hand, @ ( of ) is written OF , 
Ox \ ay, oy ax 
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and in general the n-th derivatives by 


a (al) = gs 


da \da"2) Oa" 
a forf\ af _ 
oy (4) ~ Oya a te 


Finally, we shall study a few examples of the actual calcu- 
lation of partial derivatives. According to the definition all the 
independent variables are to be kept constant except the one 
with respect to which we are differentiating. We therefore have 
merely to regard the other variables as constants and carry out 
the differentiation according to the rules by which we differen- 
tiate functions of a single independent variable. 


Thus for example we have: 
1. Function S(% y) = xy; 
first derivatives, f= fy=u 


second derivatives, fre= 9, fry =Sye= 1, fy = 0. 
2. Function S(a, y) = V (2? + y?); 


first derivatives a = Soe 

: Tey fh vera 
(Thus for the radius vector r= V(2* + y*) from the origin to the point 
(x, y) the partial derivatives with respect to x and to y are given by the 
cosine, cos@ = a/r, and the sine, sing = y/r, of the angle », which the 
radius vector makes with the positive direction of the z-axis.) 


Second derivatives, 


a 

pew OETA vt __ tint 
rc ii (C2 se i 
es ee ay _ _ sing cos@ 
(rs a 

Viet yy—-__F __ 

( ") Vv (a? + y?) a cos? @ 
fy = ————.-_ > FS SS FO 
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3. Reciprocal of the radius vector in three dimensions; 


; 1 1 
TOU" Taree F 


first derivatives, 


x 
le TRE i ap 


zx 

3 

fi a 

0 GE ae ae 8 
z 


f= - = — 53 
Vet y+ ap 8 


second derivatives, 


1 , 38 
foes, = ~1+3 - f= —3, + 78 ge? fis= — at a 


p 


3 3 = 32a 
Sou = Sue = —, Suz = Say = = Sex = San = ara 


1 
Vet era 


2 2 2 
See + bat Ses 3+ 7 er 


rf 


From this we see that for the function f= 
equation 


holds for all values of x, y, z except 0, 0, 0; as we say, the equation 


Sew t+ fuy + fez = 0 
is satisfied identically in x, y, z by the function f(x, y, z) = 1/r. 


4. Function f(a y= i e—@—a)*/4y, 
vy 
first derivatives, 
Lx 4) 0 (e—ayre 
=. —“  —“e y, 
amo yy 
—l ee ye —(x—a);49. 
f= (Sn + rr Sa: 


second derivatives, 
—1 , (e—a)? sig 
Sec = (= + Saatiee ea (x—a)’ y, 


_, _{8%-a OP) ¢~te—ay 


_{3 1 3 («— a)? ay" etx-a 
is ye 4 ye a3 16y9"2 pa akes 
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The equation 
Sez — fy = 9 
is therefore satisfied identically in x and y. 


Just as in the case of one independent variable, the possession 
of derivatives is a special property * of a function. All the same, 
this property is possessed by all functions of practical impor- 
tance, except perhaps at isolated exceptional points. 

In contrast with functions of one variable, the possession of 
derivatives does not imply the continuity of the function. This 


is clearly shown by the example u = already considered 


dey 
+ 
on pp. 464-465; for the partial derivatives exist everywhere, 
and yet the function is discontinuous at the origin. But, as is 
stated by the following theorem, the possession of bounded 
derivatives does imply continuity: 

If a function f(x, y) has partial derivatives £, and £, everywhere 
in a region R, and these derivatives everywhere satisfy the in- 
equalities 

[fel I< I, [file y)| <M, 


where M is independent of x and y, then f(x, y) is continuous every- 
where in R. 

In particular, if f, and f, are continuous they are necessarily 
bounded, so that f(x, y) is also continuous. 

The proof of this theorem we shall leave for Vol. II. 

The reader will have noticed that in all our examples the 
equation fry = fyz is satisfied. In other words, it made no dif- 
ference whether we differentiated first with respect to and then 
with respect to y or vice versa. This is no accidental occurrence. 
In fact, we have the following theorem: 

If the “mixed” partial derivatives £,, and f. of a function 
f(x, y) are continuous in a region R, then the equation 


Sua = Sey 


holds everywhere in the interior of this region; that ts, the order 
of differentiation with respect to x and y is immaterial. 


* The expression “ differentiable” implies more than that the partial deri- 
vatives with respect to z and to y exist. Cf. Vol. I. 
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By applying this theorem to f, and f,, then to fre, foys fyys 
and gsc on, we find that 
Seay = Save = Sex 
Savy = Suev = Soves 
Seavy = Sevey = Sevve = Sveey = fyove = Syyex, &C., 
and in general we have the following result: 

In repeated differentiation of a function of two variables the 
order of differentiation can be changed arbitrarily, provided only 
that the derivatives in question are continuous functions. 

For the proof of this theorem we refer the reader to Vol. II. 


ExAMPLES 


1. Find the first partial derivatives of the following: 


ae aieaas ® yapere Te 
(b) sin(z? — y). (e) y sin (zz). 
(c) e*—?. (f ) log V (1 + a® + y?). 
2. Find all the first and second partial derivatives of the following: 
(a) xy. (d) 2%. 
(b) logay. (e) el"), 


(c) tan(arc tanz + arc tany). 


3.* Find a function f(z, y) which is a function of (2? + y*) and is also 
a product of the form (x) )(y); that is, solve the equations 


f(z y) = 9( + ¥) = U(x) Py) 
for the unknown functions. 


4. Tae CHarn RULE AND THE DIFFERENTIATION OF INVERSE 
Functions 
1. Functions of Functions (Compound Functions). 


It often happens that a function u of the independent 
variables x, y is stated in the form 


u=f(&n,.--); 


where the arguments €, 7, ... of the function f are themselves 
functions of x and y: 


f= 9%, y), = We, y)---- 
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We then say that 
u=Sf(En-- )=F(P@ Y), He, y), --)= Fe, y) 
is given as a compound function of x and y. 
For example, the function 
u= e'¥(x + y)s 
may be written as a compound function by means of the relations 
u= ere = f(y); = a'y,norty. 
Similarly, the function 
wu = log(z + 1). arc cos V (4 — 2? — y*) 
can be expressed in the form 


w= narecos’ = f(é, yn); E= V(4— 29 ~ y2), ny = log(z + 1). 


In order to make this concept more precise, we assume to 
begin with that the functions £= ¢(z, y), 7 = (a, y),... are 
defined in a certain region F of the independent variables, y. Then 
to every point (x, y) of R there corresponds a point (&, 7, . . .) 
in the space with co-ordinates €, y,.... As the point (z, y) 
ranges over FR, the point (&, 7,...) will range over a certain 
set of values. We assume that the point (£, 7, ...) always lies 
within a region S in which f(€, y, .. .) is defined. The function 
u=f (P(x, y), W(x, y), .. -) = F(z, y) is then defined in the region 
R. 


Referring to our examples, in the first we find that & and 7 are defined 
for every x, y and f(&, 7) is defined for every &, », so that our region R can 
be taken to be the whole ay-plane. In the second example, however, the 
region § is restricted by the inequality { | <1, since for | | > 1 the 
function arc cos & is undefined. Secondly, the region FR is restricted by the 
inequalities «+ 1> 0 and 2+ y? <4, since for other values — and y 
are not both defined. Thirdly, the region R must be further limited by the 
inequality 3 S2* + y* in order that the point with co-ordinates —, 7 
shall fall in S; that is, the restriction | §| S1 implies that a? + 4? > 3, 
Hence R consists of the part of the ring 3 S 27+ y? S 4 lying to the right 
of the line x = —1. 


The following theorem on compound functions is an im- 
mediate consequence of the definitions: 
If the function u= f(€, n,...) ts continuous in 8 and the 


functions € = (x, y), 7 = (x, y), ... are continuous in R, then 
168 (2798) 
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the compound function u = F(x, y) is continuous in R. The reader 
will be able to prove this for himself. 


2. The Chain Rule. 


We now turn our attention to compound functions of the 
type u=f(é, 7, ...), where €, 7, ... depend on the single 


variable z: 
E= (2), n= H(2),.... 


For such functions we have the important theorem known as 
the chain rule: 

Tf the function u= f(é, n, ...) has continuous partial deri- 
vatives of the first order in 8, and the functions & = (x), 4 = (x), 
. . . have continuous first derivatives in the interval R, aS x Sb, 
then u = £{4(x), o(x), . . .} = F(x) has a continuous derivative in 


» and 2 ; ‘i 
F(z) =f,¢'(@) + fin'(@) +... 
The right-hand side of this equation is an abbreviation for 


fe{d(@), Ha), -. Jo’) +.... 


To simplify the notation we shall assume that f is a function 
of the three arguments ¢, 7, ¢. We shall denote by ay an arbi- 
trary fixed point of the intervalaXSa2<b, by &, mm, % 
the corresponding values £ = ¢(%%), = ¥(%),; So = x(%)s 
and by &, 7, ¢ the values ¢(x), (x). x(x) corresponding to a 
variable point x = %-++ h. We first write down the identity 


F(x) — F(a) 
= f(é, 7, $) —f (£0 No» £0) 


= {f(& m 0) —S(éo 2 O} + {F(fo 9, 2) — (eo 10 O} 
+ {f(a No 4) —f (So No £o)}. 


In each bracket on the right we observe that only one of the 
independent variables changes its value. Hence to each bracket 
we can apply the mean value theorem for functions of one variable, 
and obtain 


F(a) — Fle) _ : 
=(E~&) SelB D+ (9) fe (bos D+ C— QL (Eos to 2) 


X] THE CHAIN RULE 475 


where é lies between ¢, and £, 7 between 7 and », and ¢ between 
£, and ¢. Further, by the mean value theorem, we have 


E— &,= (2) — $(%) = (@ — %) $'(%), 
2 — No = Ha) — P(x) = («& — Ho) $'(%); 
£— Ly = x(x) — x(%) = (% — %) x’ (5), 
where 2, %, and 2, all lie between 2 and x. Substituting these 
values in the last equation and dividing by s— 2%, we have 
F(x) — F(x) 
wt % 


= fil, Up 4) ¢'(%) +S, (So , 4) pb’ (Ze) + fe (0 No» £)x' (as). 


We now let x tend to 2. Owing to the continuity of ¢(z), $(z), 
x(x) the quantities £, n, £ tend to &, mo, %p respectively, and a 
fortiori €, 7, £ do likewise. Also 24, 2, and 23 tend to 2%, 
Since all the functions on the right are continuous, we have 


lim F(z) ar F (2) oer F(a») 


B—> Xe L%— X 


= fis(Zo, No» £0) (Ho) + Fn (os To» £0)’ (®o) +S 2( Eo, No» Co) x’(%o)> 


thus establishing the formula for F’(z). 

The continuity of F’() follows immediately from the formula, 
since ¢’, ~’, and x’ are continuous by hypothesis and f,, f,, and 
f, are continuous functions of continuous functions. 

This theorem may be extended to compound functions of 
two or more variables, as follows: 

If the function u= {(€, n,...) has continuous partial deri- 
vatives of the first order in the region S, and the functions = ¢(x, y), 
n= (x, y),-.. have continuous partial derivatives of the first order 
in R, then u= F(x, y) = £{4(x, y), ¥(%, y), . . . } has continuous 
partial derivatives of the first order in R, and these derivatwes are 
given by the formule 


Fo=Sebotfibat---s 
Fy=fiebyt Sits pees 
These formule are often written in the abbreviated form 


Ug = Up be + Uy Qe + ae) 
Uy = Us Ey + Uy Nyt. j 
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To establish them we temporarily introduce the notation 
g(x) = (2, Yo), h(z) = (x, yo), .-., Where y, is a fixed value 
of y. By the definition of the partial derivatives it follows that 
9 (x) = de(Z, Yo), A’(z) = $. (2, Yo), ..- - Similarly, if we write 
H(x) = F(a, yo), we have H’(x) = F,(x, yo). We now apply the 
theorem just proved to the function w= H(z) =f(& 7, ...) 
= f{g(z), h(x),...}, and obtain 


H'(x9) = fe 9' (Xo) + f,h' (xo) +.... 
Returning to the original symbols, we have 


F,(%, Yo) = firbu(Xq, Yo) +f, tu (Xo, Yo) to. 


The other formula is proved in a similar way. 

If we wish to calculate the derivatives of higher order we need 
only differentiate the right-hand side of our formule again with 
respect to x and y, regarding f;, f,, ... a8 compound functions. 


Thus for « =f(é, n) = f{d(z, Y)s £(2, y) }, we have 


Use =fez Pa + fen be De + Sonu ye +h; Pan +f, Pans 
Uny =fez Pe by +Sen (Pz Py + dy pa) t+fin Papy +f; Pay +h, Poy 
Uyy =f by + 2feq Putty So ee $7 the Puy +i, buy 


3. Examples.* 
l. w= ex tany+y cosx, 
x 
“9 


Here we put = xtany, n= y cosa, so that &, <= tany, & = a 
ost y 


Ne = —ysinz, n,=cosz. Since u= et7, u =u, = eft, and 
uz = ex tanyt+y cosx (tany — y sing), 


Uy = er tan y+y cone ( + cosz). 
cos? y 


2. An example of a compound function of a single variable is 
w= {9 (x) }O) = b" = f(E, a), 
where we put & = g(x), 1 = h(x). We immediately obtain 


Ohm fel + fart = nM 1E + EM loge! 
= {9 (x) yuo {Me) F) + Hz) log g(x) | ; 
g (x) 


We have already dealt with a specia) case of this by rather artificial methods 
(p. 203). 


* We would emphasize that the following differentiations can also be carried 
out directly, without using the chain rule. 
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4. Change of the Independent Variables. 


A particularly important type of compound function occurs 
in the process of changing the independent variables. For ex- 
ample, let u = f(é, 7) be a function of € and 7, which we interpret 
as rectangular co-ordinates in the y-plane. If we rotate the 
axes in the é7-plane through an angle @ we obtain a new system 
of co-ordinates 2, y, related to the co-ordinates €, » by the 
equations: 


€ = 70388 — ysin8, n= vsind + y cos, 
or x= €cosé + ysind, y= —&sin8 + 7 cos8. 


The function wu = f(€, 7) can then be expressed as a function of 
the new variables 2, y: 


u=f(& 7) = Fle, y). 
Then the chain rule immediately gives 
Ue = uz, cosO + u, sin#, u, = —u; sin? + u, cos. 
Thus the partial derivatives are transformed by the same formule 
as the independent variables. This is true for rotation of the 
axes in space also. 
Another important type of change of co-ordinates is the change 


from rectangular co-ordinates z, y to polar co-ordinates r, @. 
This is done by means of the equations 


x= rcosd, y=rsind, 


r= f(z? 4+ ¥), 6 = are tan Y 


We then find that for an arbitrary function u= f(z, y) with 
continuous partial derivatives of the first order we have 
u=f(a, y) =f(r cos6, r sind) = F(r, 4), 


x sin8 
Ug == Ula Uy = Uyp- — ted = Uy cos — Uy ; 
r r 


x ‘ cos 8 
My = tay + thyDy = ty 2+ gS = uy sind + Ue 6 
r r 
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From this we obtain the equation 
Ue? + Uy? = 4,2 + Lud, 
r 


which is often useful. 

In general, let us consider a pair of functions ¢ = ¢(z, y), 
n = (x, y) which are continuous and have continuous deri- 
vatives in a region R of the zy-plane. To each point (z, y) in R 
these equations assign a point = ¢(z, y), n= v(x, y) in the 
éy-plane. As (a, y) ranges over R, the corresponding point 
(€, 7) will range over some set of values S in the &y-plane. It is 
of course possible that several distinct points (x, y) will give the 
same values for £, n, so that to several points (x, y) there corre- 
sponds only one point (€, 7). We shall assume that this is not the 
case, but instead that to one point Q(g, n) in S there corresponds 
exactly one point P(x, y) in R. We may therefore look at the 
correspondence from either point of view—saying that Q cor- 
responds to P or that P corresponds to Q. The latter point of 
view can be expressed thus: to each point (£, 7) in S there cor- 
responds one x and one y, namely, the co-ordinates of P, or, in 
equations, there are two functions = g(£, 7), y=h(é, 7), 
defined in S, which represent the correspondence inverse to 
&= d(2, y), n= vq, 9). 

It often happens that the functions g(é, y), 4(é,) are by no 
means easy to calculate, even when they do exist. Hence we 
shall now find how to obtain the partial derivatives 9,, g,, h,, h, 
directly from the partial derivatives ¢,, ¢,, %2, %y, Without cal- 
culating g and h themselves at all. For this purpose we observe 
that if we choose any point Q(£, 7), find the corresponding point 
P{g(&, 7), h(€, n)} in R, and then find the point in S correspond- 
ing to P, which is ¢{9(é, ), A(é, n)}, {9(é 2), A(E n)}, we 
have simply returned to the point @. That is, the equations 
E= d{9(é, 7), h(E 1}. 7= ¥{9(& 1) h(E, m)} are identities 
in € and ». We now differentiate * both sides of both equations 
with respect to € and to 7. We have 


l= e9e + dy hy, 0 = Pan + dy hy» 
0= pede + py he, l= beIn + py h,. 
*If an equation expresses an identical relationship, differentiation with 


tespect to any independent variable in it yields an identity, as follows im- 
mediately from the definition. 


X] THE CHAIN RULE 
Solving these equations, we find that 


9: oe D In= i hy= = ae 
or 
i; = 4, xt, = —% y= i 


D= EaNy ae, fy Ne = 


which we assume is not zero. 
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a, = £6, 
be 
Y, = D’ 


This determinant D, called the functional determinant or 
Jacobian of (£, y) with respect to (x, y), occurs so frequently that 


a special symbol is often used for it: 


0(&, ) 
pa", 
a(x, y) 


Examriys 


1. Calculate the partial derivatives of the first order for: 


2s 1 a ‘ 
(a) f= V (a+ y* + 2ay cosz) (c) fHe+ylog(l+a?7+y + 27). 
(b) f = are sin ee (d) f = arc tan V (x + yz). 


Jy Ley Lx 
2. Calculate the derivatives of (a) f= ao), (b) f= ( C) ) . 


3. Prove that if f(z, y) satisfies “ Laplace’s equation ” 


so does 9(x, y) = (aie a = ay 


4. Prove that the functions 
(a) f(x, y) = log V (2? + y?). 
I 


(c) h(x, y, 2, w) = @tevp ete 


1 


(b) g(% y, 2) = Veryray 
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satisfy the respective Laplace’s equations: 


(2) Soa + fyy = 0. (b) Gee + Gyy + Jez = 0. 
(C) Fae + yy free + hw = 0. 


5. Given z= r*cos@, where r and 6 are polar co-ordinates, find z, 
and z, at the point 6 = i r= 2. 
Express z, and zg in terms of z, and z,. 


6. By the transformation §=a-+ ox+ By, y= b— But ay, in 
which a, b, a, 6 are constants and «2 + 6? = 1, the function u(z, y) is 
transformed into a function U(&, n) of —& and ». Prove that 


Ogg Oy, — Og? = Urn Uy — Uy? 
7. Find the Jacobians of the following transformations: 


(a) E=ax+ by, n= cr+dy; (b) r= V (a+ y%), 6 = are tan; 
() B= a nay. ‘a 


8. If «= 2(u, v), y= y(u, v) and u= u(&, y), v= o(&, y), prove that 


= ee *, 


9. As a corollary to Ex. 8, prove that 


a(z,y)_ 
a(u, v)  a(u, vy 
a(x, y) 


10. Using Ex. 9, find the Jacobians of the transformations which are 
the inverses of those in Ex. 7. 


5. Imericrir Functions 


In the study of functions of several variables we have as yet 
had no analogue to the inverse function. We can regard the 
inverse function of y=/(x) as the function obtained if we 
solve the equation y—f(z)=0 for 2 In this section we 
shall seek more generally to solve equations F(a, y)=0 for 
a or for y, and to discuss functions of several variables in a 
corresponding way. 

Even in elementary analytical geometry curves are frequently 
represented, not by equations y = f(x) or «= ¢(y), but by an 
equation involving z and y in the form F(a, y) = 0. For example, 
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2 2 
we have the circle a+ y* — 1= 0, the ellipse 5 + % — 1=0, 


and the lemniscate (a? -+ y*)? — 2a%(z? — y?)=0. In order to 
obtain y as a function of 2, or z as a function of y, we must solve 
the equation for y or for z We then say that the function 
y = f(x) or x= ¢(y) found in this way is defined implicitly by 
the equation F(x, y) = 0, and that the solution of this equation 
gives us the function explicitly. In the examples cited and in 
many others the solution can be carried out and the solutions 
stated explicitly in terms of the elementary functions. In other 
cases the solution can be obtained in terms of an infinite series 
or other limiting process; that is, we can approximate to the 
solution y= f(x) or «= ¢(y) as closely as we desire. 

For many purposes, however, it is more convenient to base 
our discussion on the implicit definition F(x, y) = 0, instead of 
resorting to an exact or approximate solution of the equation. 

The idea that every function F(z, y) yields a function 
y =f (x) or = d(y) given implicitly by means of the equation 
F(z, y)= 0 is erroneous. On the contrary, it is easy to give 
examples of functions F(z, y) which, when equated to zero, 
permit of no solution in terms of functions of one variable. Thus 
for example the equation z* + y* = 0 is satisfied by the single 
pair of values z= 0, y= 0 only, while the equation 22+ y?+1=0 
is satisfied by no (real) values at all. It is therefore necessary to 
investigate the matter more closely in order to find out whether an 
equation F(z, y) = 0 can actually be solved, and what properties 
the solution has. Such an investigation we cannot undertake in 
detail here, but content ourselves with a geometrical interpre- 
tation which suggests the required results, the rigorous proofs 
being left for Volume IT. 


1. Geometrical Interpretation of Implicit Functions. 


To discuss this problem geometrically we represent the 
function u == F(z, y) by a surface in three-dimensional space. 
Finding values (z, y) which satisfy the equation F(x, y) = 0 is 
the same thing as finding values (x, y) which satisfy two equations 
F(x, y) = u, u= 0; in other words, we wish to find the inter- 
section of the surface u= F(z, y) and the plane u = 0, which is 
the zy-plane. We then suppose that we have a definite point 
(x, Yo) which satisfies the equation F (29, y)) = 0; that is, at 
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(2, Yo) the surface w= F(x, y) has a point in common with the 
plane u= 0. (If no such point exists, there is no intersection, 
and the equation F(x, y) = 0 cannot be solved.) If the tangent 
plane to the surface u = F(z, y) at the point (29, yy) is not hori- 
zontal, it cuts the plane u = 0 in a single straight line. Intuition 
then tells us that the surface u= F(a, y), lying near the tangent 
plane, likewise cuts the plane «= 0 in a single well-defined 
curve. How far this curve extends does not at present concern 
us. The tangent plane will be horizontal if the two curves 
u= F(x, y) and u= F(x, y)) both have horizontal tangent 
lines at (2, Yo); that is, if F(t, yo) = 0 and F,(z», Yo) = 0. 
Thus if either F(z, yo) + 0 or F,(zp, yo) + 0 the tangent plane 
is not horizontal, and, as we have just seen, we may expect that 
a solution in the form y = f(x) or x= ¢(y) will exist. 

If, on the other hand, both F(z», yp) and F(x», yo) have the 
value 0, we readily see that there is no guarantee that the solu- 
tion is possible. 


For example, for F = 1 — (1 — a? — y?) the corresponding spherical 
surface u = 1 — V(1 — 2* — y*) has the point (0, 0) in common with the 
zy-plane. The partial derivatives F,(0,0) and F,(0, 0) are both zero; 
and we find that no point other than (0, 0) satisfies the equation F = 0. 
For the function F(x, y) = zy we find that F(0, 0) = 0, while F',(0, 0) 
= F,(0,0)= 0. Here all the points on the z-axis and all the points on 
the y-axis satisfy the equation F(x, y) = 0; and in the neighbourhood of 
the origin we have no unique solution z = o(y) or y = f(x). Thus we see 
that when F,(x9, Yo) = Fy(%q Yo) = 0 we cannot be sure that a solution 
exists. 


If we accordingly return to the case in which one of the partial 
derivatives—say F,(%, Yo), to be specific—is not zero, the graphi- 
cal suggestion that a smooth surface should be cut by a non- 
tangent plane in a smooth curve leads us to suspect that the 
following theorem is true: 

If the function F(x, y) has continuous derivatives F, and F, 
and if at the point (X9, Yo) the equation F(x», yo) = 0 ts satisfied, 
while F(X, Yo) 18 not zero, then we can mark off about the point 
(Xp, Yo) @ rectangle x, Sx x, y; Sy Syz such that for every 
x tn the interval x, < x S x, the equation F(x, y) = 0 determines 
just one value y = £(x) lying in the interval y,; Sy Sy,. This 
function y = f(x) satisfies the equation yy = (xy), and the equation 


F{zx, f(z)}=0 
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is satisfied for every x in the interval. Moreover, the function 
y = {(x) ts continuous and has a continuous derivative. 
This can actually be rigorously proved, and will be proved 
in Vol. II. Assuming it to be true, we can add the following: 
The derivative of the function y = £(x) is given by the equation 


y=fw=— 7 


v 


This follows eee by using the chain rule. For 
2 F{z, f(«)}=Fe aR, of =F,4+F,f'. Butsince F{2, f(x)} 


is identically zero, its ede is also zero; hence F,,+ F,f’=0, 
and the formula is established. 

Tf we regard the right-hand side of the formula as a 
compound function of x and differentiate according to the chain 
tule, replacing y’ by —F,/F,, we have 


(ie _ Fy (Fee + Fyzy’) — Fy (Pay + Fwy) 


y F3 
a — FeoF t= 2F ay FoF y + FPP 
F, 3 


Continuing the process, we may calculate y’”, y*, &c. 

By using this formula we can usually find the derivative of a 
function given in implicit form much more easily than by solving 
first and then differentiating. 


For example, for the circle 
F(z, y)=e@+y?—1=0 


F, x 
we have Y= it =e, 
F, y 


This is easily verified. For on solving the equation of the circle for y we 
obtain two solutions, namely, y= V(1— 2?) and y = — V (1— 2), giving 
the upper and lower semicircles respectively. For the upper we have 


?— —# 
y= Ji ay 
for the lower y= et 
z 


so that in either case y’ = ~ -. 


J 
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As another example, we have F(z, y)= e*t¥ + y—2=0. We find 
that F, G _ 5) =0, while F, G _ 5) =2. Thus the equation has a solu- 
tion y = f(x); but the actual explicit calculation of the function f(x) 


would not be simple. Nevertheless, we have 
; F, -_& ty— 1] 
exty + 1 
In order that the function f(z) may have a maximum or a minimum we 
must have y’ = 0, that is, e*+» — 1= 0, whence y= —z. Substitution 


of y = —z in the equation F(z, y) = 0 gives 1 — 2x = 0, whence a = . 
y= -) . Lf we calculate f(x) for x = ; we find it to be negative, so that 


—,, is the maximum value of y. 


2 


An extension of this theorem for implicit functions to func- 
tions of a greater number of independent variables readily sug- 
gests itself. The extension is as follows: 

Let F(x, y,..., Z, u) be a continuous function of the indepen- 
dent variables x, y,..., Zu with continuous partial derivatives 
F,, F,,..., F,, F,. For the system of values (Xp, Yo, - « + 5 29) Up) 
let F(Xq, Yo. - + +5 2%, Up) = 0 and FBy(X, Yo, -- +5 Zo» Uo) + 0. 
Then we can mark off an interval u, Su S uy about uy and a region 
R containing (Xp; Yo, - - « » Zo) such that for every (x, y,...,z)mR 
the equation F(x, y,..., %,U) = 0 1s satisfied by just one value of u 
in the interval un, SuSu,. This value of u, which we denote by 
u= f(x, y,..., Z), is @ continuous function of x, y,..., 2 and 
possesses continuous partial derivatives f,, fy, ..., £,, and 


Up = Ff (Zo, Yor + + + > 2) 
The derwatives of £ are given by the equations 


FL+F wd: 2= 0, 
PF v + F yf oo 0, 
F et F oF i 2= 0. 
For the proof of the existence and continuity of u we again 
refer the reader to Vol. IJ. The formule for f,,, &c., follow im- 
mediately from the chain rule. 


Incidentally, the concept of an implicit function enables us 
to give a general definition of the term “ algebraic function ”. 
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We say that u= f(z, y,...,2) is an algebraic function of the 
independent variables x, y,..., z if w can be defined implicitly 
by an equation F(a, y,...,z, u) = 0, where F is a polynomial 
in Z,y,...,2, U; that is, if u satisfies an “algebraic equation”. 
Functions which do not satisfy any algebraic equation are called 
transcendental (p. 24). 


As an example of our differentiation formula we consider the ellipsoid 


2 _ _ 22 ca 7 
- a?" 2u eu 
= — ea icy 
. 2° Qu Bow 


i fel, @& 2 - catut + cra 
—~—~e- ~ = oC _"—"—" 
= au at ut ” atus 
ec 2 ct oxy 
Up, = + hb es eee a 
bi au * ab? ue 
ene, a + ey a c2b2u? + cies 
Se = = = —_- —y-e 
” Bu a % btus 
EXaMPLes 


1. Prove that the following equations have unique solutions for y 
near the points indicated: 


(2) @+ay+y¥=7 (2, 1). 
(b) x cosay = 0 (1, ae 
(c) zy + logry = 1 (1, 1). 
(2) 2 + y+ ay=3 (1, 1). 


2. Find the first derivatives of the solutions in Ex. 1. 

3. Find the second derivatives of the solutions in Ex. 1. 

4, Find the maximum and minimum values of the function y = f(r) 
defined by the equation 2? + xy + y? = 27. 

5. Show that the equation z+ y-+ z= sinzyz can be solved for z 
near (0, 0, 0). Find the partial derivatives of the solution. 
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6. MULTIPLE AND REPEATED INTEGRALS 


1. Multiple Integrals. 


We consider a function w= f(x, y) which is defined and 
continuous in a rectangle R(a Sab, cS y Sd), and which 
takes positive values only. We wish to assign a volume to 
the portion of three-dimensional space bounded by the rectangle 
R, the surface u= f(z, y), and the four planes x= a, x= 6, 
y=c, y=d perpendicular to the zy-plane. Moreover, the 
volume should be defined so as to satisfy certain elementary 
conditions: (1) if the three-dimensional region is a prism— 
i.e. if the function u is a constant kK—the volume should be 
the product of the base by the altitude, V = (b — a)(d — c)k; 


(2) if we divide the rectangle R into smaller rectangles R, and R, 
by drawing straight lines, then the volume over R should be 
equal to the volume over FR, plus the volume over R,; (3) if the 
three-dimensional region R, completely includes Ry, the volume 
of R, should be at least as great as that of Rp. 

These considerations lead us to a method of defining V which 
is an immediate extension of the method of defining area in 
Chap. II (p. 77 et seg.). By constructing lines parallel to the sides 
we subdivide the rectangle R into smaller rectangles R,, R,,..., 
R,, whose areas we denote by AR,, AR,,..., AR,. In each 
rectangle R; the function has a least value m, and a greatest 
value M,. Therefore a prism whose base is 2, and whose height 
is M, completely includes the portion of our region over R,, 
while this portion of the region contains the prism with base R, 
and height m, (ci. fig. 7). We see, therefore, that the volume of 
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the portion in question lies between m,R, and M,R,. Thus the 
total volume V should be such that 


x m AR, SVS = M,AR,. 
=1 j=1 

Suppose now that the number n of rectangles increases 
beyond all bounds in such a way that the length of the longest 
diagonal tends to zero. Intuition leads us to expect that the two 
sums 2m,AR, and 2M,AR, will both converge and will tend to 
the same limit. This limit we therefore call the volume V. 

The reader will have observed that we have carried out an 
immediate generalization of the discussion in Chap. II (p. 78). 
As in Chap. II, we call the common limit of the sums Xm,;AR, 
and £M,AR, the integral of the function u = f(x, y) over the rect- 
angle R, and we denote it by the symbol 


J [fe y)dr. 


It is at once clear that if in each rectangle R, we choose a point 
(€;, 9s) and find the corresponding value of the function f(£,, 74) 
then the limiting relation 


im = f(b, NAR, = {[ {fe yor 


must hold; for the sum X/(&;, n;)AR, lies between Xm,;AR, and 
x=M,AR,, both of which approach the integral as a limit. 

As a particular method of subdividing R into smaller rect- 
angles, we may divide the side a < x S b into n intervals of length 
Av = (b—a)/n and the side cXy<d into m intervals of 
length Ay = (d—c)/m, and then draw parallels to the axes 
through the points of division thus marked. The area of each 
rectangle R,; is then AR, = ArAy. Choosing a point (£75) 
arbitrarily in each rectangle R;, we form the sum 


LUf(Es, nNAR; = Uy f(E_ ns Avdy. 


As n and m both increase without limit, this sum approaches the 
integral as a limit. This type of subdivision suggests a second 
notation for the integral, which has been in common use since 
the tame of Leibnitz, namely, 


J [fle ydedy. 
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The proof that such a limit exists if u= f(z, y) is continuous 
can be carried out as in the appendix to Chap. II (p. 131 e¢ seq.). 
We shall, however, assume without proof an even stronger state- 
ment, namely, the following: 

Lf the function (x, y) is continuous except along a finite number 
of smooth * curves y = f(x) or x= ¢(y) along which f(x, y) has 
jump discontinuities, then the double integral 


f f f(x, y)dr 
exists. 


The proof of this we leave for Vol. II. It depends essentially 
on the fact that as the number of rectangles increases the total 
area of the rectangles having points in common with the curves 
of discontinuity tends to zero. Thus even though M, and m, 
may differ considerably for such rectangles, they give rise to 
little difference between the sums XM,AR, and Xm,AR,. 

With this assumption we can find the area under surfaces 
u= f(x, y) for which (x, y) ranges over quite complicated regions 
R. For suppose that the region & is bounded by a finite number 
of curves x = d(y) or y = (x) with continuous derivatives, and 
that f(x, y) is continuous in R. We enclose FR in a rectangle R’, 
and at the pointe of R’ which do not belong to R we assign to 
f(x, y) the value 0. Then we take the integral f i F(a, y)dr, 

Rr 
taken over the region R’, as the volume under the surface 
u= f(x, y), where (xz, y) is in R. This integral is usually 
denoted by J f F(a, y)ar. 
R 

Certain simple but important theorems relating to these 
double integrals follow directly from the definition. Here we 
simply state the theorems; the reader will be able to prove them 
without any trouble. 

If £(x, y) and g(x, y) are integrable over a rectangle, then so are 
f+, and cf, where c is a constant: 


[{Fenrg@njr=ff fener t ff 9 yar, 


Sf cf (2, yar=ef f f(a, y) adr. 


* By smooth curves we mean, as before, curves with continuous derivatives. 
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If £(x, y) = g(x, y) mR, then 


Sf fe yar = ff a(x, yar. 


I, Rts the sum of two regions R, and R,, then 
If fe ydr= ff fe, y) dr +f, f@ y) dr. 


2. Reduction of Double Integrals to Repeated Simple Integrals. 


We vow have a definition of the double integral, with its 
interpretation as a volume and with the many possibilities of 
usefulness which our experience with the single integral suggests; 
but as yet we do not possess a method for evaluating such 
integrals. In this section we shall see how the calculation of a 
double integral can be reduced to that of two single integrals. 

We suppose that u— f(z, y) is a function which is defined 
and continuous in a rectangle R, a<xSb,cXy<d. If we 
fix upon any value x in the interval aS 2b, the function 
f(%o, y) is @ continuous function of the remaining variable y. 
Hence the integral 


“Sle 9) dy 


exists, and can be evaluated by the methods of earlier chapters. 
This integral has a definite value for each value of 2) that we may 
choose; in other words, the integral is a function $(a) of the 
quantity 2»; 


d 
f[ F(z, y) dy = $(2). 
For example, suppose that u— f(z, y)= ay, OS ¢<1, 
O0<sy3. For each fixed z in the interval O< 2<1 the 
3 
integral f x?y3 dy can be evaluated, and is, in fact, a that 
is, 1+ 18 a function of z Or if f(z, y)=e%, lSav2, 
4 
0 ios 1 Ae 9k’ 
lsys4, we have [ody = = (¢ e*). 


Having thus found the function ¢(z), we can prove that it is 
continuous; this is a simple consequence of the uniform con- 
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tinuity of f(x, y). It is therefore possible to integrate ¢ (x) between 
the limits a and 8, thus obtaining the “ repeated integral ” 


[derae=f" (fF, ay) ae. 


By reversing the order of the process, first calculating the func- 
6 

tion of y defined by f F(a, y) d& and then integrating from ¢ to 

d, we obtain the other repeated integral 


J ( f “fle y) dn) dy. 


These integrals, as we have seen, are obtained by a double 
application of the ordinary simple integration which we have 
studied in previous chapters. Their importance lies in the 
following fact: 

For continuous functions {(x, y), and for functions f(x, y) 
having at most jump discontinuities on a finite number of smooth 
curves, the repeated integrals are equal to the double integral: 


Jf te nar=f’ (te yay) de 
= i : (/ “Fa, y) dz) dy. 


We shall content ourselves with an intuitive discussion of 
the case where f(z, y) is continuous. In our original discussion of 
the double integral regarded as the volume lying above the rect- 
angle a Sab, cS yd and below the surface u = f(z, y), 
we obtained this volume by subdividing the solid into vertical 
columns and then letting the diagonals of the bases of these 
columns approach zero. Instead of this we can divide the solid 
into slices of breadth k= (d—c)/n by drawing the lines 
y=c-+ vk(v=0, 1,...,%) parallel to the x-axis and then 
constructing a plane perpendicular to the xy-plane through each 
fine (cf. fig. 8). These planes cut the solid into m slices which 
grow thinner as m increases, and whose total volume is equal to 
the double integral. We now see that the volume of each slice 
is approximately (but of course not as a rule exactly) equal to 
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the product of the thickness & by the area of the left-hand face, 
that is, equal to 


& f f(a c+ vk) de. 


Therefore, if we write , 


t) 
sy=f Se y) da 


the desired volume is represented approximately by 


"E kd(e+ vb). 
v= 


As n — © these sums tend to 


[sna 


It is therefore reasonable to expect that the volume or double 
integral is exactly equal to 


f “$ (y) dy = ie ( i "F(x, y) dz) dy, 


which is the statement made above. A similar discussion makes 
it equally plausible that the statement 


f ic y) dy) da =ff f(a, y) dr 


is also true. 
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3. Examples and Remarks. 


A few examples will serve to illustrate how this theorem may be 
used to evaluate double integrals. For the function u = f(z, y) = 2*y, 
O0S2S51,0Sy S2, we have 


J feve=['(['evay) ax =f Gov a 


1 


1 1, 
= [ 2tde= 92 m8 


The above example belongs to a general class of functions 
whose integration is often simplified by the following theorem: 
If the function u= f(x, y), aSxSb, cS yd, can be 
represented as the product of a function of x alone, and a function 
of y alone, 
S(@, y) = $() $y), 


then the double integral of f is the product of two simple integrals: 


Jf senar=([-o@ ae) ([vora). 


For on integration with respect to y the function ¢(«) can be 
treated as a constant and placed in front of the integral sign, while, 


on integration with respect to 2, i ‘b (y) dy is a constant; hence 
[(se@vmea) =f" (4@ [vqray) ae 


= (fv) (f$@ ae). 


For the function u=sin(«¢+y), OSaSn/2, OS ySn/2, we 
have 


Py sin(z + y)dr = dee ( [ance + y)dy) de 


= [Oo (cools + ) + cosa’) dz = [ine + cosz) dx 


/2 
=141=2, 
0 


= (—cosz + sinz) 


Again. let us calculate the volume V of the vertical prism whose base 
in the zy-plane is bounded by the co-ordinate axes and the line x + y = 1, 
and which lier below the plane u = 2x + 3y. We first extend the func- 
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tion u = f(x, y) to the square 0 Sz £1, 0 Sy S1 by equating it to 


0 outside the triangle (the base of the prism). Then for each z in the inter- 
val the function f(z, y) is different from 0 forO Sy S1 — z only; hence 


1 1—x 1—x 
» y)dy = yjdy =] (2a + 8y)d 
f fe nay f fe ney if + 3y)dy 


3 1 3 
a a a a ne 


ree | vaf [se vaea['(—}e—24 Sara 


The device just used is capable of extension to any function 
u = f(z, y) which is defined in a region R bounded above and 
below by curves y = y(x) and y= ¢(z). For suppose R is de- 
fined by the inequalities aS z<b, d(t) Sy y(z). We mark 
off a rectangle R’,aSazlb,cly Xd, completely containing 
R, and outside R we put f=0. Then 


d Hx) 
i f(a, y)dy= 1 F(x, y) dy 


for every x in the interval aS 7S 8, so that 


[Ltene=ff tena=f (fre yay) a 


= f ( ie es 9) dy) de. 


wg Oy? ut 
Thus to find the volume V of the ellipsoid <+ iz +5-1=0, 
a c 


we notice that A is the volume under u = f(z, y)=c af Qi = a7 i) 
a 
this function f(a, y) being defined only inside an ellipse 


2 
ee ey, or —bq/(1- 3) sys,/(1— 3), -asesa 
a b a a’ 


Calculating the repeated integral we first have 
b bV —x7/a") ay? 
(w, y)d =f ea/ (1-5 - Lay 
ff ee —bV —x*/a") a B 
ee ae ba® y cy wy? 
=-3(0- 3) 7 eaeyt FV 0-35~-#) 


= -£(0 - =) (0-2) +0 = F4(1 — 2), 


+bV (1—x!*/a*) 


—bV (1—x*/a*) 


a’ 


494 FUNCTIONS OF SEVERAL VARIABLES  [Cuap. 
Proceeding with the integration, we have 
a b _ tn _ af _7me,f a 
2 r=" (f fe y)dy ) de a 2 oi ( =) aca 2 o(2 3a? 


80 that v= 5 mabe 


4. Polar Co-ordinates. 


In our definition of the double integral, the subdivision into 
rectangles was of course chosen simply because such a subdi- 
vision is most convenient in connexion with rectangular co- 
ordinates. As we already know, however, there are many applica- 
tions in which polar co-ordinates are much more suitable than 
rectangular. If we are considering a function f(p, 6) where p 
and ¢ are polar co-ordinates, the most convenient subdivision 
is not into rectangles, but into regions bounded by arcs of circles 
p= constant and radii ¢ = constant. Suppose, then, that our 
function f(p, ¢) is defined in such a region R, specified by the 
inequalities aS pSb,a<¢<B. (If f(p, ¢) is originally 
defined in a region R’ not of this type, we enclose R’ in a larger 
region R of the desired form and put f(p, $)= 0 outside R’.) 
Then, just as on p. 486, we can insert points of subdivision p, = a, 
Pir Po» +-+s Pn= 5, bo = 4, dy, fo,---+, m= B and construct 
the corresponding radii and arcs of circles, thus dividing R into 
regions R,,, of area AR;;. In each R,; we choose a point (p,;, 443) 
and form the sum Xf(p;;,4,;) AR,;, and then let m and n increase 
without limit. Then the sum will again tend to the volume under 
the surface u = f(p, ¢), and we may denote this by the integral 


If fe. da. 


So far we have encountered nothing essentially new. The 
point of importance is to learn how to evaluate these integrals 
by reducing them either to repeated integrals or to integrals in 
terms of rectangular co-ordinates. For this purpose we mark 
off a pair of rectangular axes in a new plane, the p¢-plane, and 
call them the p-axis and the ¢-axis respectively. Correspond- 
ing to the point in R with polar co-ordinates p, ¢ we plot the 
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point in the p¢-plane with rectangular co-ordinates p, ¢. Thus 
the region R, a< pb, a<4dX8 is represented in the 
p¢-plane by a rectangle R’, aX pb, aX<dSf, and 
each small region Ry, pi_y Sp S pi, $5.4 S$ S 4; '8 represented 
by a small rectangle R,,’. But the area AR,;’ of the rectangle 
R, is not the same as the area AR, of Ry. The relation 
between them is easily found. The area AR,, is simply 
(¢; — $5-1)(ps— pia), while the area AR, is given by the 
formula 


AR, = 3(b5 — $5-1) (pi? — Pi-1”) 
= 3(pit Pi-1) Co a ?s-1) (Pi— Pia)= Hp: + pr) AR,’ 


In each region R;; let us now choose the point p,—= 4(pst pis), 
$s = $(; + $44). Then by definition 


I fee. ¢)dr = lim Uf (p,, J) ARy. 


But =f (Ps diAR, = Zf (p: i) pPiAR,’, 


and the latter expression is just the sum which we form in de- 
fining the double integral of the function f(p, ¢)p over the rect- 
angle R’ in the p¢-plane. Hence as the fineness of the subdivision 
increases the sum approaches this integral and 


J[ [fle dar= f [fe dear =f [ (0, bp dpdg 


=[ (fre. #eas)dp=I"( ff, Bpdp ) a. 


As an example, let us calculate the volume V of the sphere of radius a. 
The upper hemisphere is given by the equation u = V (a? — 6”),0 Sp Sa, 
039 32x. Thus 


; V =|" oe V (a? — 6%) de) dg ={" ‘S 3 ie Lda 


1 fr? , 2ra 
a aS ee 


so that V = 7 
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5. Evaluation of i ” eo" dx. 


The formule of the preceding sub-section enable us to calculate the 
area under the curve y = e—*", —«< 2 < , which frequently occurs 
in the theory of probability. This integration is especially interesting, in 
that we can evaluate the definite integral from —o to © of a function 
for which we cannot find a primitive function or an indefinite integral at all. 

Let us first consider the integral I, of the function e—@*+9") = e—?* 
over the circle 0 S p Sa. This is given by 


n= [(f e~"'p dp) ds = G- 507 *) db = n(1 — e~*"). 


The square —a SaSa, —aSy Sa contains the circle OS p Sa 
and is contained in the circle 0 S p S 2a, and the integrand e—*"—»* is 
everywhere positive; hence 


n(l—e-4) = I, sf if eM dy) de S Ing = 1(1 — €— 40"), 
—a\J—a 


The integral can be written in the form 
2 
i: e*(f" e-9"dy) de = ee e—**dx) , 
—a@ —@a —a 


nl—e-“) < CE ede) < x(1 — e—40*), 


hence 


If we now let a increase without limit, this gives the equation 


[oa] 
f e—*da= Vn, 
—@ 


and our integral is evaluated. 


6. Moments and Centre of Mass; Moments of Inertia. 


In Chap. V, § 2 (p. 283) we saw that the moment of a system 
of points P,, P,,..., P,, with co-ordinates (21, ¥1), (2, Ya) +--+» 
(an) Yn) and masses ™,, My, ..., mM, about the z-axis is given by 


n 
=x my, and that the ordinate of its centre of mass is given 
vol 


by the equation 
= Pee where M= im, 


vel 


with analogous expressions for the moment about the y-axis 
and the abscissa of the centre of mass. We now extend these 
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ideas to masses distributed uniformly over a region R. We 
suppose that a mass is distributed with density 1 over the region 
R; that is, that each portion of R with area AR has also mass 
AR. Then the total mass M of R is the same as the area of R, 


M= f fa. 


Let us now divide R into portions R,,...,R, with areas 
AR,,..., AR,, and in each portion R, choose a point (€,, 7,). 
If we imagine that the total mass AR, of the portion R, is con- 
centrated at the point (¢,, 7,), the moment of the resulting 
system of points with respect to the z-axis will be Xn, AR,, and 
the ordinate of the centre of mass will be 


Xn, AR, _ Xn, AR, 
=AR, MM ~- 


If we now let n-»© and let the diameter of the greatest R, 
tend to 0, these sums tend to the integrals 


i Jv 


Te= f f yar, / hs 7 


respectively. These expressions we take as the definitions of the 
moment 7, of R about the z-axis and of the ordinate y of its 
centre of mass. Similarly, the moment about the y-axis and 
the abscissa ¢ of the centre of mass are respectively given by 


Ty= f { 2dr, pL 


, where M=f{ fa. 


For example, the moment of the semicircle R, —pSxzSop, 
0 Sy SV (p? — 2*), about the z-axis is 


r= f fiver [0 (fo aay)ae 


W7 (2798) 
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By a similar argument, starting from the definition of the 
moment of inertia J, of a system of particles, 
I, = imy,*, 


we arrive at the expression for the moment of inertia of the 
region & about the z-axis, 


I= ff yar, 


and similarly we obtain the moment of inertia with respect to 


the y-axis, 
L= f a 2dr. 


Analogous formule hold for three-dimensional regions R; 
the co-ordinates £, 7, { of the centre of mass are given by 


where M = f if i ldr= volume of R. To find the moments of 
R 


inertia Z,, I,, I, of R about the =, y, z-axes respectively, we must 
remember that the distance of the point (x, y, z) from the a-axis 
is /(y?+ 2); hence for a system of particles the moment of 
inertia about the z-axis is Xm,v/(y,? + z,2)? = Um y,2 + z,%), 
and on dividing R into sub-regions and passing to the limit as 
before we obtain the formula 


I= ff f+ adr. 


Similarly i= : a J (a? + 2%) dr, 


L= ff f+ yar. 


Thus the moment of inertia of the cube -ASaSh, —hSySh, 
—h Sz Sh about the z-axis is 


naf {ff wet vvae)ay | ae 


=f" { fiat ay) d= f° 2h (2240 + sh) ae 


4h a" — 16,, 
— geht ah) = 3 (ht) = Sh 
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The significance of the moment of inertia, as we have already 
remarked in Chap. V (p. 286), lies in the fact that in rotatory 
motion it plays the part taken by the mass in translatory motion. 
For example, if the region R rotates about the z-axis with angular 
velocity w, its kinetic energy is }I,w*. This, however, is not 
the only application of the concept of moment of inertia; for 
example, it is also important in structural engineering, where it 
is found that the stiffness of a beam of a given material is 
proportional to the moment of inertia of the cross-section taken 
about a line through its centre of mass. The reader will find 
further information about this in any textbook on strength of 
materials. 


7. Further Applications. 


The student should not assume that the applications already 
discussed exhaust the possibilities of the double integral. For 
instance, we have not proved the important theorem that the 
area A of the surface z= f(z, y), where (2, y) is in R, is given 
by the integral 


+= L1M+@+ CD) 


provided i and a are continuous; and we have left many other 
y 


interesting fields untouched. These further developments, how- 
ever, do not come within the scope of the present book and must 
be left for Vol. II. 


ExaMPizs 


1, Perform the following integrations: 
b 
m { f ay (xt —~ y*)dy dx. 
0 0 
ape fie A dy dz, 
 f f cos(% + y)dy dx, 
e p2 1 
c — dy dx, 
Chet a y 


@ [ff eovavas. 
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VI=x* 


(@ Ef yf dy de. 


wn f ; f Pay dy di 


2. Find the volume between the zy-plane and the paraboloid 
2=2—2— 9, 

3. Find the volume common to the two cylinders 2*-+ z2?= 1 and 
y+2=1. 

4, By integration, find the volume of the smaller of the two portions 
into which a sphere of radius r is cut by a plane whose perpendicular dis- 
tance from the centre is h (< r). 


5. For the following figures find the area, the centre of gravity, the 
moments about the z- and y-axes, and the moments of inertia about the 


x- and y-axes: 
(a) the semicircle 0 Sy S V(r? — 2); 
(b) the rectangle 0 Sx Sa,0Sy Sb; 
(c) the rectangle —a Sz Sa, —b Sy Sb; 


. Ho 
(d) the ellipse | y| S bal(t — =); 
(e) the triangle with vertices (0, 0), (a, 0), (0, 6): 


6. For the following figures find the volume, the centre of gravity, and 
the moments of inertia about the z-, y-, and z-axes: 

(a) the parallelepiped OS a Sa,0 Sy Sb,0S5256 

(b) the hemisphere 0 Sz S V (a? — 2? — y’); 

(c) the triangular prism with vertices (0, 0, 0), (a, 0, 0), (0, b, 0), (0, 0, c). 


CHAPTER Xl 


The Differential Equations 
for the Simplest Types of Vibration 


On several occasions we have already met with differential 
equations, that is, equations from which an unknown function 
is to be determined and which involve not only this function 
itself but also its derivatives. 

The simplest problem of this type is that of finding the inde- 
finite integral of a given function f(x). This problem requires us to 
find a function y = F(x) which satisfies the differential equation 
y’ — f(x) = 0. Further, we solved a problem of the same type in 
Chap. III, §7 (p. 178), where we showed that an equation of the 
form y’ = ay is satisfied by an exponential function y = ce™. 
As we saw in Chap. V (p. 294), differential equations arise in 
connexion with the problems of mechanics, and indeed many 
branches of pure mathematics and most of applied mathematics 
depend on differential equations. In this chapter, without 
going into the general theory, we shall consider the differential 
equations of the simplest types of vibration. These are not only 
of theoretical value, but are also extremely important in applied 
mathematics. 

It will be convenient to bear the following general ideas and 
definitions in mind. By a solution of a differential equation we 
mean a function which, when substituted in the differential 
equation, satisfies the equation for all values of the inde- 
pendent variable that are being considered. Instead of solution 
the term integral is often used: in the first place because 
the problem is more or less a generalization of the ordinary 
problem of integration; and in the second place because 
it frequently happens that the solution is actually found by 
integration. 

601 
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1, Vipration Prosiems or Mrecuanics AND Puysics 


1. The Simplest Mechanical Vibrations. 


The simplest type of mechanical vibration has already been 
considered in Chap. V, § 4 (p. 295). We there considered a 
particle of mass m which is free to move on the z-axis and which 
is brought back to its initial position «= 0 by a restoring force. 
The magnitude of this restoring force we took to be proportional 
to the displacement x; in fact, we equated it to —kx, where kis a 
positive constant and the negative sign expresses the fact that 
the force is always directed towards the origin. We shall now 
assume that there is a frictional force present also and that this 
frictional force is proportional to the velocity dx/dt = # of the 
particle and opposed to it. This force is then given by an expres- 
sion of the form —ré, with a positive frictional constant r. Finally, 
we shall assume that the particle is also acted on by an external 
force which is a function f(t) of the time t. Then by Newton’s 
fundamental law the product of the mass m and the acceleration 
must be equal to the total force, that is, the elastic force plus 
the frictional force plus the external force. This is expressed by 
the equation 

mé + rt + ke = f(t). 


This equation determines the motion of the particle. If 
we recall the previous examples of differential equations, such 


as the integration problem ¢= = J() with its solution 


t= f J) d+, or the solution of the particular differential 


equation mé + ke = 0 on p. 296, we observe that these problems 
have an infinite number of different solutions. Here too we 
shall find that there are an infinite number of solutions, which 
are expressed in the following way. It is possible to find a general 
solution or complete integral x(t) of the differential equation, 
depending not only on the independent variable ¢, but also on two 
parameters ¢, and ¢, called the constants of integration. If we 
assign special values to these constants, we obtain a particular 
solution, and every solution can be found by assigning special 
values to these constants. The complete integral is then the 
totality of all particular solutions. 
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This fact is quite understandable (of. also Chap. V, § 4, p. 298). We 
cannot expect that the differential equation alone will determine the 
motion completely. On the contrary, it is plausible that at a given instant, 
say at the time t= 0, we should be able to choose the initial position 
2(0) = 2% and the initial velocity 2(0) = a, (in short, the initial state) 
arbitrarily; in other words, at time i= 0 we should be able to start the 
particle from any initial position with any velocity. This being done, 
we may expect the rest of the motion to be definitely determined. The 
two arbitrary constants c, and c, in the general solution are just enough 
to enable us to select the particular solution which fits these initial con- 
ditions. In the next section (p. 508) we shall see that this can be done in 
one way only. 


If no external force is present, that is, if f(t) = 0, the motion 
is called a free motion. The differential equation is then said to 
be homogeneous. If f(t) is not equal to zero for all values of t, 
we say that the motion is forced and that the differential equa- 
tion is non-homogeneous. The term f(t) is also occasionally 
referred to as the perturbation term. 


2. Electrical Oscillations. 


A mechanical system of the simple type described can actually 
be realized only approximately. An approximation is offered 
by the pendulum, provided its oscillations are small. The oscil- 
lations of a magnetic needle, the oscillations 
of the centre of a telephone or microphone 
diaphragm, and other mechanical vibrations 
can be represented to within a certain degree yu Cc 
of accuracy by systems such as we have 
described. But there is another type of 
phenomenon which corresponds far more 4 
exactly to our differential equation. This is ™%.tuarcreme” 
the oscillatory electrical circuit. 

We consider the circuit sketched in fig. 1, having inductance 
p, resistance p and capacity C = 1/«. We also suppose that the 
circuit is acted upon by an external electromotive force ¢(f) 
which is known as a function of the time #, such as the voltage 
supplied by a dynamo or the voltage due to electric waves. In 
order to describe the process taking place in the circuit we denote 
the voltage across the condenser by # and the charge in the 
condenser by Q. These quantities are then connected by the 
equation CH = E/x = @Q. The current I, which like the voltage 


e 
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E is a function of the time, is defined as the rate of change of 
the charge per unit time, that is, as the rate at which the charge 
on the condenser diminishes: I = —Q = —dQ/dt = — EJ«. 
Ohm’s law states that the product of the current and the resis- 
tance is equal to the electromotive force (voltage); that is, it 
is equal to the condenser voltage EZ minus the counter electro- 
motive force due to self-induction plus the external electromotive 


force ¢(t). We thus arrive at the equation Ip = FE — pl + ¢(t) 
or—2$ B= E+" E+ $(0), that is, pH + pE + cE =—xd(t), 
K K 


which is satisfied by the voltage in the circuit. We see, therefore, 
that we have obtained a differential equation of exactly the type 
considered in No. 1 (p. 502). Instead of the mass we have the 
inductance, instead of the frictional force the resistance, and 
instead of the elastic constant the reciprocal of the capacity, 
while the external electromotive force (apart from a constant 
factor) corresponds to the external force. If the electromotive 
force is zero, the differential equation is homogeneous. 

If we multiply both sides of the differential equation by 
—1/«x and differentiate with respect to the time, we obtain for 
the current J the corresponding equation 


pl + pl + «Il = $(0), 


which differs from the equation for the voltage on the right- 
hand side only, and for free oscillations (¢ = 0) has identically 
the same form. 


2. SoLuTION OF THE HomoGENEOUS Equation. FREE 
OscILLATIONS 


1. The Formal Solution. 


We can easily obtain a solution of the homogeneous equation 
mé + ré + ka = 0 on p. 502 in the form of an exponential ex- 
pression, by seeking to determine a constant A in such a way that 
the expression e' = x is a solution. If we substitute this and 
its derivatives ¢== Ae“, = A*e“ in the differential equation 


xj THE HOMOGENEOUS EQUATION 505 


and remove the common factor e’, we obtain the quadratic 
equation 
mZM+rA+k=0 


for A. The roots of this equation are 


oS a pen Sees oe 
Ay ae Im + om V(r 4mk), Ag 


1 
ae J (1? — 4mk). 


Each of the two expressions z= e and z= e js, at least 
formally, a particular solution of the differential equation, as we 
see by carrying out the calculations in the reverse direction. 
Three different cases can now occur. 

1. 2 —4mk>0. The two roots A, and A, are then real, 
negative, and unequal, and we have two solutions of the differen- 
tial equation, = u, = e* and z= u,==e. With the help 
of these two solutions we can at once construct a solution in 
which two arbitrary constants are present. For on differentiation 
we see that 


LS CU, + Collg 


is also a solution of the differential equation. On p. 508 we shall 
show that this expression is in fact the most general solution of 
the equation; that is, that we can obtain every solution of the 
equation by substituting suitable numerical values for ¢, and cy. 

2. 1° — 4mk = 0. The quadratic equation has a double root. 
Thus to begin with we have, apart from a constant factor, only 
the one solution « = w, = e—"/®™, But we easily verify that in 
this case the function 

L= Wy = te —7t/2m 


is also a solution of the differential equation.* For we find that 
r r r 
¢—{l— __t e 772m, g—-f{__ te r) etm, 
( 2m ) 4m? m 
and by substitution we see that the differential equation 


mé + ré + = mit i+ ke = 0 


* We are led to this solution naturally by the following limiting proceas: 
if A, + A,, then the expression (e41# — eAs#)/(A, — A,) also represents a solution. 
If we now let A, tend to A, and write A instead of A,, A,, our expression becomes 
a ert ux tert 
di : 

17® (798) 
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is satisfied. Then the expression 


t= Gente 4. Cote 78/2 


again gives us a solution of the differential equation with two 
arbitrary constants of integration c, and ¢,. 

3. 2 — 4mk <0. We put r?— 4mk = — 4m?v* and obtain 
two solutions of the differential equation in complex form, given 
by the expressions 2 = u, = e~"/?m+# and @ = Us = 7 t/2m— i, 
Euler’s formula 

et™ — cosrt + isin vt 


gives us for the real and imaginary parts of the complex solution 
u,, on the one hand the expressions 


v, = e712” cos vt, Ug = e~7#?™ gin vt, 
and on the other hand the representation 


= 1.4, y= a5 
From the second form of representation we see that v, and v, 
are (real) solutions of the differential equation. To verify this 
directly by differentiation and substitution forms a simple but 
valuable exercise. 

From our two particular solutions we can again form a general 
solution 


B= CV, + Cy¥_ = (c, cos vt + c, sin vt)e~ 2" 


with two arbitrary constants c, and ¢,. This may also be written 
in the form 
2 = ae */2™ cos v(t — 8), 


where we have put ¢c, = a cosvd, c, = a sinvd, and a, 5 are two 
hew constants. 

We recall that we have already come across this solution for 
the special case r = 0 (Chap. V, § 4, p. 296). 


2. Physical Interpretation of the Solution. 


In the two cases r>2V mk and r= 2V/mk the solution 
is given by the exponential curve, or by the graph of the function 
te-"?™ which for large values of ¢ resembles the exponential 
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curve, or by the superposition of such curves. In these cases 
the process is aperiodic; that is, as the time increases the “ dis- 
tance ” a approaches the value 0 asymptotically, without oscil- 
lating about the value z=0. The motion, therefore, is not 
oscillatory. The effect of friction or damping is so great that it 
prevents the elastic force from setting up oscillatory motions. 
It is quite different in the case r < 2\/mk, where the damping 
is so small that complex roots A,, A, occur. The expression 
2= a cos (t— 5)e~"*" here gives us damped harmonic oscillations. 
These are oscillations which follow the sine law and have the 
circular frequency v = (: 
instead of being constant, is given by the expression ae~’/?™, 
That is, the amplitude diminishes exponentially; the greater the 
expression r/2m is, the faster is 
the rate of decrease. In physical 
literature this damping factor is 
frequently called the logarithmic 
decrement of the damped oscilla- 
tion, the term indicating that the 
logarithm of the amplitude de- - 
creases at the rate r/2m A 
damped oscillation of this kind is 
illustrated in fig. 2. As before, we call the quantity T = 27/v 
the period of the oscillation and the quantity v5 the phase 
displacement. For the special case r=0 we again obtain 
simple harmonic oscillations with the frequency vy = Vk/m, 
the natural frequency of the undamped oscillatory system. 


: 
- i) but whose amplitude, 


ur 
x=acosy(t—dje 2m* 
Fig. 2.—Damped harmonic oscillations 


3. Fulfilment of Given Initial Conditions. Uniqueness of the 
Solution. 


We have still to show that the solution with the two constants c, and 
c, can be made to fit any pre-assigned initial state, and also that it repre- 
sents all the possible solutions of the equation. Suppose that we have to 
find a solution which at time ¢ = 0 satisfies the initial conditions 2(0) = 2%, 
#(0) = a%, where the numbers 7 and # can have any values. Then in 
case 1 on p. 505 we must put 


+ Cy = X, 
Cyr + Cghg = Zo 
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For the constants ¢, and ¢, we accordingly have two linear equations, and 
these have the unique solutions 
&o — AsX 
Ay — Ae 
In case 2 (p. 505) the same process gives the two linear equations 
| = 
M+a=iy (r=), 
mM, 

from which ¢, and ¢, can again be uniquely determined. Finally, in case 3 
(p. 506) the equations determining the constants take the form 


Fy — AX 


re ay 


> = 


acos vd = 2, 
a(v sin v8 — ~"- cos v8) = ty 
2m 


with the solutions 


3 = . arc cos “2, a= 2] {set + (4 + i z») }. 


Thus we have shown that the general solution can be made to fit any 
arbitrary initial conditions. We have still to show that there is no other 
solution. For this we need only show that for a given initial state there 
can never be two different solutions. 

If two such solutions u(é) and v(t) existed, for which u(0) = 2, 
u(0) = a and v(0) = 2%, 0(0) = 4, then their difference w = u — v would 
also be a solution of the differential equation, and we should have w(0) = 0, 
u(0) = 0. This solution would therefore correspond to an initial state of 
rest, that is, to a state in which at time ¢ = 0 the particle is in its position 
of rest and has zero velocity. We must show that it can never set itself in 
motion. To do this we multiply both sides of the differential equation 


mid + rb + kw = 0 by 2% and recall that Debio — St and und = £ wt, 
We thus obtain 

d d F 

— (mi? — (kw* 2ré? = 0. 

§ (mit) + F (lat) + 


If we integrate between the instants ¢ = 0 and ¢= t and use the initial 
conditions w(0) = 0, w(0) = 0, we have 


mi* (x) + kes) + 2r J i & mets: 


This equation, however, would yield a contradiction if at any time t > 0 
the function w were different from 0. For then the left-hand side of the 
equation would be positive, since we have taken m, k and r to be positive, 
while the right-hand side is zero. Hence w= u — v is always equal to 0, 
which proves that the solution is unique. 
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EXAMPLES 


For the equations in Ex. 1-5 find the general solution, and also the 
solution for which 2(0) = 0, #(0) = 1: 


1. &— 34+ 22 = 0. 


2. €+ 3¢@+ 22=— 0. 
3. W+a—2=—0. 
4.@¢+4¢+4¢=0. 
5. 44+ 4¢+ 2= 0. 
6 


. Find the general solution, and also the solution for which 2(0) = 0, 
20) == 1, of the equation 
@€+2¢+2=0. 


Determine the frequency (v), the period (7'), the amplitude (a), and the 
phase (3) of the solution. 
7. Find the solution of 


2+ 2%+2=0 


for which 2(0) = 1, #(0) = —1. Calculate the amplitude (a), the phase (8), 
and the frequency (v) of the solution. 


3. THe Non-HomoGENEOUS Equation. Forcrep OscrILLaTIONs 


1. General Remarks. 


Before proceeding to the solution of the problem when 
an external force f(t) is present, that is, to the solution of the 
non-homogeneous equation, we make the following remark. 

If w and v are two solutions of the non-homogeneous equation, 
the difference «= w—v satisfies the homogeneous equation; 
this we see at once by substitution. Conversely, if u is a solution 
of the homogeneous equation and v a solution of the non- 
homogeneous equation, then w= u-+ v is also a solution of the 
non-homogeneous equation. Therefore from one solution * of 
the non-homogeneous equation we obtain all its solutions by 
adding the complete integral of the homogeneous equation.t 
We therefore need only find a single solution of the non-homo- 
geneous equation. Physically this means that if we have a forced 
oscillation due to an external force, and on it superpose an arbi- 
trary free oscillation, represented by a solution of the homo- 


® Often called the particular integral. 
+ Often called the complementary function. 
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Seneous equation, we obtain a phenomenon which satisfies the 
same non-homogeneous equation as the original forced oscilla- 
tion. If a frictional force is present, the free motion in the case 
of oscillatory motion will fade out as time goes on, because of the 
damping factor e~’*?". Hence for a given forced vibration with 
friction it is immaterial what free vibration we superpose; the 
motion will always tend to the same final state as time goes on. 
Secondly, we notice that the effect of a force f(é) can be split 
up in the same way as the force itself. By this we mean the 
following: if f,(¢), f(t), and f(t) are three functions such that 


AO+AO=fO, 

and if 2, 2,(t) is a solution of the differential equation 
mé + r& + kx = f,(t) and 2 = 2,(é) is a solution of the equation 
mi + ré-+ ke = f(t) then 2(t) = 2,(t) + 2,(t) is a solution of 
the differential equation md + r¢-+ kx = f(t). A correspond- 
ing statement of course holds if f(¢) consists of any number of 
terms. This simple but important fact is called the “ principle 
of superposition”. The proof follows from a glance at the 
equation itself. By subdividing the function f(t) into two or 
more terms we can thus split the differential equation into 
several equations, which in certain circumstances may be easier 
to manipulate. 

The most important case is that of a periodic external force 
f(t). Such a periodic external force can be resolved into 
purely periodic components by expansion in a Fourier series, 
and can therefore * be approximated to as closely as we please 
by a sum of a finite number of purely periodic functions. It is 
therefore sufficient to find the solution of the differential equation 
subject to the assumption that the right-hand side has the form 


acoswi or bsinwt, 


where a, b, and w are arbitrary constants. 

Instead of working with these trigonometric functions, we can 
obtain the solution more simply and neatly if we use complex 
notation. We put f(t) = ce‘, and the principle of superposition 
shows that we need only consider the differential equation 


mi + ré + ka = ce, 


* Provided that it is continuous and sectionally smooth (p. 439), which is 
the only case of importance in physics. 
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where by c we mean an arbitrary real or complex constant. Such 
a differential equation actually represents two real differential 
equations. For if we split the right-hand side into two terms, 
if e.g. we take c=1 and write e = coswt + ¢sinwt, then 
aw, and «2, the solutions of the two real differential equations 
mi + ré+- kt = coswt and mt+ ra+ ke = sinwt, combine to 
form the solution 4 = 2, + iz, of the complex differential equation. 
Conversely, if we first solve the differential equation in complex 
form, the real part of the solution gives us the function a, and 
the imaginary part the function 2,. 


2. Solution of the Non-homogeneous Equation. 


We solve the equation m#-+ ré-+ kx = ce by a device 
naturally suggested by intuition. We assume that ec is real 
and (for the time being) that r= 0. We now make the guess 
that a motion will exist which has the same rhythm as the 
periodic external force, and we accordingly attempt to find 
a solution of the differential equation in the form 


— Swot 
a= oe, 


where we have only to determine the factor o, which is indepen- 
dent of the time. If we substitute this expression and its deriva- 
tives = iwoe™, # = —w*ce™ in the differential equation and 
remove the common factor ¢ we obtain the equation 


—mw'*o + trwo + ko =e 


c 
_ me + ire +k 
Conversely, we see that for this value of o the expression ce*”* 
is actually a solution of the differential equation. To express 
the meaning of this result clearly, however, we must perform 
a few transformations. 
We begin by writing the complex factor o in the form 


P k— mw? — irw sy 


o= vie? 


where the positive “ distortion factor” a and the “ phase dis- 
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placement ” w5 are expressed in terms of the given quantities 
m, 1, k, by the equations 
a? = ae ee sinwd = rwa, coswd = (k — mw*)a. 


With this notation our solution takes the form 
z= cael, 


and the meaning of the result is as follows: to the force c coswt 
there corresponds the “ effect ” ca cosw(t — 5), and to the force 
Csinwt corresponds the effect ca sinw(t — 8). 

Hence we see that the effect is a function of the same type 
as the force, that is, an undamped oscillation. This oscillation 
differs from the oscillation representing the force in that the 
amplitude is increased in the ratio a: 1 and the phase is altered 
by the angle w3. Of course it is easy to obtain the same result 
without using the complex notation, but at the cost of somewhat 
longer calculations. 

According to the remark at the beginning of this section 
(p. 509), by finding this one solution we have completely solved 
the problem; for by superposing any free oscillation we can 
obtain the most general forced oscillation. 

Collecting the results, we have the following: 

The complete integral of the differential equation 


mii + re +- Kea = cei 


(where x= 0) ts x=cae—) + u, where u is the complete 
integral of the homogeneous equation mx -+-rx-+ kx=0 and 
the quantities a and 8 are defined by the equations 


1 , 
, 8inwd = rwa, coswd = (k — mw*)a. 
72a? 


= Gamat ty At 


az 


The constants in this general solution leave us the pos- 
sibility of making the solution suit an arbitrary initial state, 


that is, for arbitrarily assigned values of z) and 4, the constants 
can be chosen in such a way that 2(0) = a and 2(0) = dp. 


3. The Resonance Curve. 


In order to acquire a grasp of the solution which we have 
obtained and of its significance in applications, we shall study 
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the distortion factor a as a function of the “ exciting frequency ” 
w, that is, the function 


1 
¢(w) = 


Via ma ea 


The reason for this detailed investigation is that for given con- 
stants k, m, r, or as we say for a given “ oscillatory system ”, 
we can think of the system as being acted on by periodic ex- 
citing forces of very different circular frequencies, and it is 
important to consider the solution of the differential equation for 
these widely different exciting forces. In order to describe the - 
function conveniently we introduce the quantity w= V. k/m. 
This number ws is the circular frequency which the system would 
have for free oscillations if the friction r were zero; or, briefly, 
the natural frequency of the undamped system (cf. p. 507). The 
actual frequency of the free system, owing to the friction 1, is 
not equal to wo, but is instead 


aG aa) 


where we assume that 4km — 7? > 0. (If this is not the case the 
free system has no frequency; it is aperiodic.) 

The function ¢(w) tends asymptotically to the value 0 as the 
exciting frequency tends to infinity, and, in fact, it vanishes to 
the order 1/w?. Further, 6(0) = 1/k; in other words, an exciting 
force of frequency zero and magnitude 1, that is, a constant 
force of magnitude 1, gives rise to a displacement of the oscil- 
latory system amounting to 1/k. In the region of positive values 
of w the derivative ¢’(w) cannot vanish except where the deri- 
vative of the expression (4 — mw)? + r°w* vanishes, that is, 
for a value w = w, > 0 for which the equation 


—4mw(k — mw*) + 2r?w = 0 


holds. In order that such a value may exist we must obviously 
have 2km — r? > 0; in this case 


a= =a) ~ J (e ~ sm) 


Since the function ¢(w) is positive everywhere, increases mono- 
tonically for small values of w, and vanishes at infinity, this 
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value must give a maximum. We call the circular frequency 
w, the “ resonance frequency ” of the system. 

By substituting this expression for w, we find that the value 
of the maximum is 


As r->0, this value increases beyond all bounds. For r= 0, 
that is, for an undamped oscillatory system, the function ¢(w) 
has an infinite discontinuity at the value w = w,. This is a limit- 
ing case to which we shall give special consideration later. 

The graph of the function ¢(w) is called the resonance curve 
of the system. The fact that for w = w, (and consequently for 
small values of r in the neighbourhood of the natural frequency) 
the distortion of amplitude a= ¢(w) is particularly large is 
the mathematical expression of the “ phenomenon of resonance ”, 
which for fixed values of m and k is more and more evident as 
r becomes smaller and smaller. 


In fig. 3 we have sketched a family of resonance curves, all correspond- 
ing to the values m = 1 and & = 1, and consequently to w, = 1, but with 
different values of D = }r. We see that for small values of D well-marked 
resonance occurs near w= 1; in the limiting case D= 0 there would 
be an infinite discontinuity of o(w) at w= 1, instead of a maximum. 
As D increases the maxima move towards the left, and for the value 
D= 1/V 2 we have w, = 0. In this last case the point where the tangent 
is horizontal has moved to the origin, and the maximum has disappeared. 
If D > 1/V 2 there is no zero of 9’(w); the resonance curve no longer has 
& maximum, and resonance no longer occurs. 


In general, the resonance phenomenon ceases as soon as the 
condition 
2km — 2? 0 


becomes true. In the case of the equality sign, the resonance 
curve reaches its greatest height $(0)=1/k at w,—0; its 
tangent is horizontal there, and after an initial course which is 
almost horizontal it diminishes towards zero. 


4. Further Discussion of the Oscillation. 


We cannot, however, rest content with the above discussion. 
In order that we may really understand the phenomenon of forced 
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motion an additional point requires to be emphasized. The 
particular integral cae**¢—® is to be regarded as a limiting state 
which the complete integral 

a(t) = cae + cyte, + Cytly 
approaches more and more closely as time goes on, since the free 
oscillation ¢,% -+ Cu, superposed on the particular integral 


fades away with the passage of time. This fading away will take 
place slowly if r is small, rapidly if r is large. 


(ey 7 a ee 
n/a eee 
a ae eG eee 


Fig. 3.-—Resonance curves 


Let us suppose, for example, that at the beginning of the 
motion, i.e. at time t= 0, the system is at rest, so that 2(0) = 0 
and 2(0)= 0. From this we can determine the constants c 
and ¢,, and we see at once that they are not both zero. Even when 
the exciting frequency is approximately or exactly equal to w,, 
so that resonance occurs, the relatively large amplitude a = $(w,) 
will not at first appear. On the contrary, it will be masked by 
the function c,u, + cpt, and will first make its appearance when 
this function fades away; that is, it will appear more slowly 
the smaller r is. 
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For the undamped system, that is, for r= 0, our solution 
fails when the exciting frequency is equal to the natural circular 
frequency w) = Vk/m, for then ¢(w ) is infinite. We therefore 
cannot obtain a solution of the equation md + kx = e in the 
form ce'**, We can, however, at once obtain a solution of the 
equation in the form ote*, If we substitute this expression in 
the differential equation, remembering that 


= od"(1+ iwt), £= ce’ (iw — tw), 
we have 
o(2imw — mvt + kt) = 1, 


and, since mw? = k, 
1 


o= > . 
2amu 


Thus when resonance occurs in an undamped system we have the 
solution 


t ‘ t 
= et — ia et, 
2Qimw 2 km 
1 ¢# , 
Using real notation, when f(t)=coswt we have = - —— sinat, 
sing i fO 3 im 
and when f(é) = sinwt we have 
2.= =. : coswt 
2 VSkm 


We thus see that we have found a function which may be 
referred to as an oscillation, but whose amplitude increases pro- 
portionally with the time. The superposed free oscillation does not 
fade away, since it is undamped; but it retains its original ampli- 
tude and becomes unimportant in comparison with the increasing 
amplitude of the special forced oscillation. The fact that in this 
case the solution oscillates backwards and forwards between 
positive and negative bounds which continually increase as 
time goes on represents the real meaning of the infinite discon- 
tinuity of the resonance function in the case of an undamped 
system. 
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5. Remarks on the Construction of Recording Instruments. 


In a great variety of applications in physics and engineering the dis- 
cussion in the previous sub-section is of the utmost importance. With many 
instruments, such as galvanometers, seismographs, oscillatory electrical 
circuits in radio receivers, and microphone diaphragms, the problem is to 
record an oscillatory displacement x due to an external periodic force. In 
such cases the quantity x satisfies our differential equation, at least to a 
first approximation. 

If T is the period of oscillation of the external periodic force, we can 
expand the force in a Fourier series of the form 


fe) = EZ yyeXenl™, 
ta —@ 


or, better still, we can think of it as represented with sufficient accuracy by 


N¥ 

a trigonometric sam & y,e*(27/T)t consisting of a finite number of terms 
t=_—W 

only. By the principle of superposition (p. 510), the solution z(t) of the 


differential equation, apart from the superposed free oscillation, will. be 
represented by an infinite series * of the form 


eo 
a(t) = E o,eil@/N, 


or approximately by a finite expression of the form 


x 
a(t) = ZX o,el2n/T, 
x 


In virtue of our previous results 


0, = 10,67 x20) 


and 
a? — ——pa ; ra tan si 8; = oe oe 
( = mir $=") + 7h “pa r(t m 7a 


We can then describe the action of an arbitrary periodic external force 
in the following way: if we analyse the exciting force into purely periodic 
components, the individual terms of the Fourier series, then each com- 
ponent is subject to its own distortion of amplitude and phase displace- 
ment, and the separate effects are then superposed additively. If we are 
interested only in the distortion of amplitude (the phase displacement is 
only of secondary importance + in applications and, moreover, can be dis- 
cussed in the same way as the distortion of amplitude), a study of the 
resonance curve gives us complete information about the way in which 


* Questions of convergence will not be discussed here. 
Since e.g. it is imperceptible to the human ear. 
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the motions of the recording apparatus reproduce the external exciting 
force. For very large values of 1 or w ( = = ’) the effect of the exciting 


frequency on the displacement x will be hardly perceptible. On the other 
hand, all exciting frequencies in the neighbourhood of «,, the (circular) 
resonance frequency, will markedly affect the quantity 2. 

In the construction of physical measuring and recording apparatus 
the constants m, r, and k are at our disposal, at least within wide limits. 
These should be chosen so that the shape of the resonance curve is as well 
adapted as possible to the special requirements of the measurement in 
question. Here two considerations predominate. In the first place, it is 
desirable that the apparatus should be as sensitive as possible; that is, for 
all frequencies w in question the value of « should be as large as possible. 
For small values of «, as we have seen, « is approximately proportional to 
1/k, so that the number 1/k is a measure of the sensitiveness of the instru- 
ment for small exciting frequencies. The sensitiveness can therefore be 
increased by increasing 1/k, that is, by weakening the restoring force. 

The other important point is the necessity for relative Eis from dis- 


tortion. Let us assume that the representation f(t) = z ae TY) is an 


adequate approximation to the exciting force. We “hen say that the 
apparatus records the exciting force f(é) with A damaibe freedom from dis- 


tortion if for all circular frequencies wo < Fg a ™ the distortion factor has 


approximately the same value. This condition is indispensable if we wish 
to derive conclusions about the exciting process directly from the behaviour 
of the apparatus; if, for example, a gramophone ‘or wireless set is to repro- 
duce both high and low musical notes with an approximately correct ratio 
of intensity. The requirement that the reproduction should be relatively 
“ distortionless ” can never be satisfied exactly, since no portion of the 
resonance curve is exactly horizontal. We can, however, attempt to choose 
the constants m, k, r, of the apparatus in such a way that no marked 
resonance occurs, and also in such a way that the curve has a horizontal 
tangent at the beginning, so that p(w) = « remains approximately con- 
stant for small values of w. As we have learned above, we can do this by 
putting 
2km — r? = 0. 


Given a constant m and a constant &, we can satisfy this requirement by 
adjusting the friction r properly, e.g. by inserting a properly chosen re- 
sistance in an electrical circuit. The resonance curve then shows us that 
from the frequency 0 to circular frequencies near the natural circular 
frequency , of the undamped system the instrument is nearly 
distortionless, and that above this frequency the damping is considerable. 
We therefore obtain relative freedom from distortion in a given 
interval of frequencies by first choosing m so small and & so large that 
the natural circular frequency @, of the undamped system is greater than 
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any of the exciting circular frequencies under consideration, and then 
choosing a damping factor r in accordance with the equation 
2km — r? = 0. 


EXaMPLEes 


For the equations in Ex. 1-5 find the solution satisfying the initial 
conditions #(0) = 0, #(0) = 0. For equations 1-4 state also the amplitude, 
the phase, and the value of for which the amplitude is a maximum: 

. + 34+ 22 = cosat. 
~£€+2+2= cosat. 
~&€4+2+ 2= sinol. 
. 2424+ 2 + x= coswt. 
~ 2+ 4¢4 42 = cosat. 


are WN = 


4. ADDITIONAL REMARKS ON DIFFERENTIAL EQUATIONS 


A more systematic study of differential equations is made 
in Volume II, Chapter VI. Here only a few additions to the 
preceding special theory will be given. 


1. Homogeneous Linear Differential Equations of Order 2 with 
Constant Coefficients. 


More complicated vibration problems lead to a linear differen- 
tial equation for the unknown function x(t) of the independent 
variable, of the form 


ot ay Ot -o- +4,0 =0, 
where @,...,@, are constants and is a positive integer. We 
can solve this by a method similar to that for the case n=2 
(p. 504). 
Let =e. If we substitute this function and its derivatives 
in the differential equation and remove the common factor e™, 
we obtain the following equation of the n-th degree for 2: 


F(A) = A" 4+ aAtt+ ...4+4,=0. 
If Ais a root of this equation, e* satisfies the differential equation. 


We shall now examine the various possibilities. Let A,, A.,..., 
An be the roots of the equation f(A) = 0, so that 


F(A) = (A= Ag) (A= Ag). (A= Ag). 
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First assume that all the roots are different. If all the A,’s 
are real, then we obtain n linearly independent solutions e, 
exactly as before. The general solution is any linear combination 


ce + ge +... + Cpe 


of these. The constants c, can be so determined that 2 and its 
first n — 1 derivatives take arbitrary pre-assigned values at time 
t==0. To do this we must solve the following system of n 
linear equations *: 
+ gt... + Cp =2(0), 
Die + Avlg fe. + Ana =2'(0), 


A,""¢, + A,"¢, oe An” Cy = g'n-D (0), 
If two of the roots are equal, say A, = A,, then not only 
e™* but also te“ is a solution. This can be verified as follows: 


since f(A)=0 has a double root A=A,=A,, by a well- 
known theorem in algebra it follows that 


f(A) = nd + (mn — Nayar? +... + Oya =. 
Now, by Leibnitz’s rule for the derivative of a product (p. 202), 


dt dE OM treet + kes, 


dk dk 


Substituting in the differential equation, we have 


te(A"-a, A"... tq) tet(nA"-1+ (n—1)a,A"-8+- ... + Gy-1) 
= te’ f(A) + & f(A) =0, 


since f(A) =0 and by the above remark on double roots f’(A) = 0. 
In the same way if ,, »»,..., A, are equal, we obtain the 
following linearly independent solutions: 


eM, test, tet, 


which may be combined to give a general solution depending 
ON C1, Cy... Cy. These parameters again enable us to adapt the 
solution to n pre-assigned conditions, so that for t=-0 we can 
fix the value of z(0) and its first n — 1 derivatives. 


* This set of equations always has a solution if the roots are unequal, for 
the determinant of the coefficients is not zero. 
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If the equation has complex roots, then bya theorem in algebra 
the roots occur in pairs, each one with its conjugate. Just as 
in the case n = 2, we obtain solutions of the form 


cos ft. e and sin Bt.e“, where A, =a-+ tf, A, =a — 1B. 
A few examples will serve to illustrate the above. 


Example 1. Pc oMe_ de_o 9 
dé d@ at 


fQ) = 28+ 2229-2 -2=0. 
The general solution is x = c,e—* + c,e* +. cge2*, 
A particular solution for which x= 2, 2’ = 0 at t= 0 is given by 
r=eb+et, 
Pe oa _ 
d@ dé 
The general solution is x = c,e* + c,te* + cge—*. 


Example 2, - +e2=0. 


i 
de 
fO) = B24 4=(a+2)(A—144)(A—1—4%) 


The general solution is 2 = c,e~** + c,e* cost + ce sint. 


Example 3. 2 . +4=0, 


2. Bernoulli’s Equation. 
An equation of the type 


dz 
di + A(i)z = Bi), 


where A and B are functions of ¢ alone, is called a linear equation. 
In the case B = 0, if = a(t), « = A(é) are solutions, any linear 
combination of a and 8 is also a solution. We shall now 
consider the slightly more general type 


dx n 
Zz + A(t)c = Bitz", 


where n is a positive integer. This is known as Bernoulli’s 
equation. 
First consider the simpler case where B is zero, i.e. where 


+ A(éjz = 0. 
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Rewriting the equation as ad == —A(t) dt, we see that it can be 
2 


integrated immediately as follows: 
log a =— [Ana +e, 


ge = ee Sad — ye—SAa 
if we write e = v. 

Let us now try to satisfy Bernoulli’s equation by a function of 
the form 2—=ve-J4%, where we assume that v is a variable, 
so that 
dx oe faa — vAeS44, 


Substituting, we have 


. pon = Be-"JAat eJAdt, 


which can be integrated at once, giving 
gi-n = (1 — n)er—vfaa [_fBet-oleear]. 


The above method is very important and may be applied 
in many cases. It is called the method of variation of para- 
meters. (For further details, see Volume II, p. 445.) Note 
that our solution is expressed in terms of integrals which can- 
not in general be expressed in terms of the elementary functions. 


Example.—Consider the equation 
dz 


—- — te = (23, 
dt 
Let w= velit vet; 
then S —aw= we + vte!” — tvel” — ae 


and the equation becomes 


d d 
3 ef Bye", or G = feldt, 
By integration, 
ee eee an Ore or lio pp 
v x 
This result could have been obtained by direct substitution in the 


formula given above, but actually to carry the method through is far 
more instructive. 
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3. Other Differential Equations of First Order Solvable by 
Simple Integration. 


There are a few other types of differential equations of the 
first order which can be solved by integration (although in most 
cases the integration cannot be performed explicitly in terms 
of elementary functions). 

The first method we shall consider is that of separation of the 
variables. If the differential equation can be brought into the 
form * 

A(x) dx + Bly)dy =0, 


the variables are said to be separable. The solution obviously is 
fA@)de + [By)dy + ¢ =0. 


Example.—Consider the equation 
yy + ay? = x. 


Here 


ydy +. 2(y* — 1l)dzx=0, or a + xdx = 0; 
hence 
flog (y®— 1) + 4289=c, or (y®— NeM=h. 
Another type of equation which can be solved is of the form 
M(a, y)dx + N(x, y)dy =0, 
where M and N are homogeneous functions of x and y of the 


same degree. In this case the fraction M/N is a function of y/x 
only, and we may write 


2-1) 


If we put y =a, this becomes 


The variables z, v are now separable as follows: 
dz dv 


z fi—v 


* That is, y’B(y) + A(z) = 0. 
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Integrating, we have 
dv 


Example.—Consider the equation 
(2V ay — 2)dy + ydx = 0, 
Substituting y = vz, we have 


(2v!8 _ De(» +a 2) + vz = 0, 
dx 


o(20"* — 1) + o + 2(20¥2— 1) % = 0, 
dz 
dz | dv dv 
rT eo 


Integrating, we have 
log = —logv — v tte 
or 
logy + Va/y=c. 


4. Differential Equations of the Second Order. 


fCuap. 


There are a few types of non-linear differential equations 
whose solutions can also be found by integration. One type has 
already been discussed implicitly in Chap. V (p. 297) when we 


studied the motion of a particle on a given curve. 


is as follows: 


Gf. 


Let v = = so that 


and our equation becomes 


of = se) 


This type 
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This may be regarded as an equation of the first order with v 
as dependent and x as independent variable. Separating the 
variables and integrating, we have 


odv = f(z)dx 
v =2f fa)dx + c or v =\2/f@)dz+e. 
Then 
Sa ne 
V2 fleyde +0 


which can be solved by integration (although in general it is 
impossible to carry out the integration explicitly). 
This device aids us to solve equations of the following types: 


dy dx 
(34 =0, 
dx dx 

xb ae a ‘) 0, 
dy, dz 
(o> a 7) = 


which reduce respectively, when we write v => to 


(is) -« 


yo ap vw, ‘) =0, 


a(e = v, 2) =0, 


These are equations of the first order which may be solvable 
by the preceding methods. This solution, after v has been re- 
placed by a will again be a differential equation of the first 
order, which must be solved for z. A few examples will make 


the process clear. 


§26 DIFFERENTIAL EQUATIONS [Crap. 
Example 1. 


Let ~ = p. The equation becomes 
dp 
tap = = 1 
? ia 


{Integrating by separating the variables, we have 


ap = z+ cy, 
or 


val Ve 6. 


By integration, 
Valy + 6) = (2 + 0) 
Squaring, we have 
aly + 6)? = F(a + %)°. 
Example 2. 


mecteeew dy _ 

(1 + 2?) Yig 0. 
dy 

Let ~ = p. 

OO de p 


dp dp edz 
1 2) 4 = 0, STs _,— 
(1 + 2?) ; + up or = ipa 
Integrating, we have 
logp = —} log(1 + 2*) + 6, 


p=e(1 + 2%, 
or 


dy ae ee 
de Vi+2" 
whence 
y= c, + ¢, arsinhz. 
Example 3. 
yore 1 -(¥ . 
dx? dx, 
Let = = p, then pe =p - We have 
pe sing or pap dy 
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By integration, 
— log(1 — p?) = logy + ¢, 


that is, 
y = ¢(1— py, 
or 
yl — p*) = «3, 
and 
es ome ee ier or Loe 
ax y Vv y—o? 


Integrating, we have 


Vy — oF = a+ cy 
that is, 


y* = a2 + cee + Cy, 


EXAMPLES 
Solve the differential equations in Ex. 1-22. 
1. (1+ y*)da — (y— V1+ y) (1+ 2)*dy = 0, 
2. (a8 +- y8)dy = 8a%y da. 3. y(logx— logy) dy— adx=0. 
4, vy’ + y = y*logz. 5. (1+ y*)dx = (arc tany — x)dy. 
6. yy’ + dy? = sinz. 
Te (a y8 + aty® + ay + Ly + (ay? — 2ty* — ay + lay’ = 0. 
8. 3y°y’ + = 2 — 1. 9. sinz cosydz + coszsin y dy = 0, 


10. (1 + e”"\de + (1 - =) dy =0. 
y 


nL. 3 4 3 amo, 7, SY 4 wy 4 1= 0, 
12, OS + oF Ro. 18, 54 — Su. 

13, 54 4 29% 4 yo. 19. A+ 2 F042 
v4, 4 t+e— 2.9) S442 w) 0, 
15, £4 i yao. a 2S = 8 =): 

16, a TY = WY. 22, a— es 1Bae, 


23. Find the motion of a particle moving in a straight line under the 
attraction of a force varying as the inverse square of the distance from the 
origin. 
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——llentii-~d 
Sa 


1. Hyrersoiic Fonorions 
(pp. 183-189) 


F sinha e* — e* 
= o_. e~%). = ne 
sinh x = (e ) tanhz ie ae 
1 e* + e% 
Sp =e ‘ 
cosha = $(e* + e~*). cothz = aa a 
1 
27 — sinh?s = Sp 
cosh?z — sinh’ 1. cosh? eaeeey es 


cosh (x + y) = coshz coshy + sinhz sinhy. 

sinh (x + y) = sinha coshy + cosha sinhy. 

cosh?z = }(cosh 22 + 1). sinh?g = }(cosh2z — 1). 

ar sinha = log{a + +/(2? + 1)}. 

ar coshz = log{x + »/(2 — 1)} («2 }). 
18 520 


(8 798) 
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l+a 


l—z 


ar tanhz = } log (Je| <1). 


arcothe = $ log =~ — (| 2] > 1). 


2. CONVERGENCE oF SEQUENCES AND SERIES 


1. infinite Sequences (p. 38). 


Cauchy’s Convergence Test (p. 40). A sequence of numbers 
a, is convergent if, and only if, for every positive quantity « 
there exists a number NW such that 


] Gn — In| << 


when » > N, m> N. 
Operations with limits (pp. 41-42). If lima, and lim6,, exist 
n—>o 


then ae 

lim (a, + 6,) = lima, + lm),; 
n-—>o n—>o n> oo 

lim(a,,. b,) = lima,. lim),; 

ao n> @o n—>o 

4 lima, 
im = 2 e_ ided lim 0. 
a imbe  e 
a> @ 


2. Infinite Series (p. 365 ef seq.). 


Cauchy’s Convergence Test (p. 367). The series Xa, converges 
if, and only if, for every positive quantity « there exists a number 
N such that 

| On + Gots + see tam | <e 


when m>n> N. 


Note.—All the following criteria are sufficient but not necessary. 


Principle of comparison of series (p. 377). La, converges 
if numbers 6, exist such that 6, =| a,| for all values of m and 
xb, converges. 
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Ratio test and root test (p. 378). Xa, converges if there is a 
number JN, and also a number g <1, such that 


Ont 


<q or *¥/[a,|<q 


for all values of n > N; in particular, if there is a number k < 1 
such that 
lim 


n—>o 


Ant 
a, 


=k or lim V/|a,|=&. 
n—>oa 


2a, diverges if there is a number & > 1 such that 


Ont1 
an 


lim 


n—>o 


=k or lim ¥/|a,|=&. 
n—>o 


Leibnit’s Test (p. 370). Xa, converges if the terms have 
alternating signs and | a,,| tends monotonically to zero. 


3. DIFFERENTIATION 


1. General Rules (Fundamental Ideas, p. 88 ef seq.). 
{f(@) + 9@)}’ =f'@ + 9'@). 
{f@)g@)} = f'@)g@) + f@)g'@). 


(f9 (x)\' _ f’(@) g(x) — f(z) 9'(@) 
= aaae 


g(2) {g(a)}? » 9(2) + 0 (pp. 136-139). 


fag} =p erga + (TVs Mase) 
a) Seg") +. + Leg) 
(Leibnitz’s Rule, p. 202.) 
Chain rule. If f(z) = 9{¢(z)}, 


A Ms 
dz dd da’ 
oo — 58 (2) +3 of, and 80 on (pp. 


153 et seq., 202). 
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If u=f(é, ” g se «)s where i= é(z, y)s =, n (2, y)s coe, 
Ug = frbn +hinet+hebe + sees 
Use = fb + Sune + feeb? eee 
+ 2fen Ean + 2fee babe + coe 


+ fi Eee +f, "es + febae + sees 


with corresponding formule for u,, and w,, (p. 476). 


Implicit functions. If F(x, y) = 0, 


dy Ee 

dx FY 

dy Pug F 2 — 2F ey FF, + Fy, Fe 

OY _ __ aol yy — “hav Satv tT Bw" (p, 483), 
72 F3 (p. 483) 


Functions expressed in terms of a parameter. If x= 2(¢), 
y= 9); 


dy dy [dx 
“9 — “9 [= . 262). 
an del di (p. 262) 
Inverse functions. 
dy da 
“S — 1 /— . 145). 
e Yay (p. 145) 


If £= d(x, y), n= Wa, y), 
On _ ty On _ dy Oy__ se oy _ $e 
ey =D 


= = > =S_— — 


dé D’ dn Do D 


where 
0(€, n) pz dy 
D= = = P2¥y — Pua 
Ge) eel ee 
(functional determinant or Jacobian) (p. 479). 


2. Special Formule (pp. 94-96, 139-141, 149-150, 167 e& seq., 
186-187). 
(a")’ = nar. 
(sinz)’ = cosa. (are sinz)’ = iw : 


(cosx)’ = —sinz. (are cosz)’ = — aay 
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(tana)! = a = pec? a, (are tang)’ = — 
(cotz)’ = = —cosec*z. (are cotz)’ = — rie 
: ; 1 
(sinh 2)’ == coshz. (ar sinha)’ = Vata a 
(coshz)’ = sinha. (ar coshz)’ = -- ————— Tea sy 


: (2 > 1). 
an = 2 a re 1 
(tanh 2) ae sech? x (ar tanh 2)’ = —s (|z] <1). 


(cotha)’= —— az 7 cosech*a. (ar cotha)’ = —_ (|z] >. 
(loga2)’ = * logats (a*)’ = a* log,a; 
in particular, in particular, 

(log x)’ = * (e*)' = e*, 


(u’)’ = u?(vu’/u + v’ logy). 


4. INTEGRATION 


1. General Rules (Fundamental Ideas, p. 79 ef seq.). 

[ferda+f fede=J- fede. 

b a 
f f@)de= —f fie) de. 
6 b 6 
J fle) + ga)}de =f fle) de + fi ole) de. 
rm ef (x) dz = ef fe) dx (pp. 81 e seqg., 141). 

Estimation of integrals. If f(x) > g(x), b= a, 


b b 
if f(a) de = f g(x) dx (p. 126). 
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Integration by Parts (pp. 218-219). 
J Feorg/ a) de = pay gte) |'— J” 7° a)g) ae. 
Method of substitution (pp. 207-212). 
[fode=f" f$y} $0 du, 


where a= ¢(a), b= ¢(B). 
Connexion between differentiation and integration (p. 111 et seq.). 


£ ff fudu=seo). 


Improper Integrals (pp. 197-254). 

Tf f(x) is continuous except at the point «= where it 
becomes infinite, f ” F(x) dar is (absolutely) convergent, if in the 
neighbourhood of z= b 


M 
lf ()|s @—2a)” 
where v < 1 (p. 248). 


f f(x)dx converges (absolutely) if 
M 
else. 
where v > 1, for values of z => A (p. 250). 


2. Special Formule (pp. 82-87, 128-130, 142 ef seg., 151, 168 
et seq., 206, 208-209, 210, 213-217, 220 et seq.). 


- = grt _ = 
fe Sait floge de = x loge x. 
f Fa tog | a}. f 2 loge dz = 4 (log 2) 

x x 

e = a* 1 = 
fa aia rT S dioga & = 8 | los. 


1 
[2 tog2de—= == (loge —_); a+ —l1, 
a+l a+l 
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fina dz = —cosz, jf sinha dz = coshe. 
{cosa da = sing, fcosh de = sinhe. 
ftanzde = —log | cosz |. if tanh2 dz = log cosha. 
feotada = log | sina |. foothe de= log| sinh |. 


fore singdx = xarcsinz + +/(1 — 2”). 
fare coszdz = x arc cosz — 4/(1 — 2%). 
fare tanzdx = x are tanz — $ log(1 + 2°). 


fare cotzdae= zx arc cotxz + } log(1 + 27). 


fa sinhadz= xvarsinhz — +/(1 + 2%). 
for cosh azdx = x ar coshz — 4/(2? — 1). 
fu tanhxdx = war tanhz + $ log(1 — 2%). 
fe cothadx = x ar cothz + 4 log (x? — 1). 


dx dz 
eae log tan; |. fs = log 
dz 7 daz x 
= =] ~~ _ = 2 3 
ae og | tan G 5 + 7)| f ae arc tan (tanh 3) 
= 2 ar tanh (tan). 
dz dz 
a cosx log | ten; ia coshz log | tanh 2. 
j= = —cotz. — —cothz. 
dz dz 
f= oes tan Zz. cosh? => tanh. 
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f sin?xdx = }(2 — sina cosz). 


foostade == $(% + sinz cosz). 


f eee. Es — are tan (¢ tan) 
a’ sin?z + 6? cos?z , b G6. 
dx 1 a 
la sin?a— b2cos?z ab teak & tanz) 
eran are tan — 
1 1 a—Zz 
i a [stone ae if|z]<a. 
a? — a? 1 zt L—a 
ae -=.. os 0. 
| gor coth- i wer if|¢|>a,a> 
dx + are sin -. — 7 are sin“. 
ae ae = 
Vv (a #) | are cos Sara a) ++ ] arc cos”, 
a a 
dz 24 92 
I oerce Waa 
xdz 
pian Ve 
= oe 2 2 
fants = ar sinh- log {ba + +/(a? + a*)}. 
{fj = ar cosh” = log {a + +/(2* — a*)}. 
J/ (a? — a?) a o 
dx nee a sta + +/(a? -++ x?) 
I syepay 7g hah, ee SE. 
dz 1 as at vile — w?) 
eer a — = ar cosh = = * Jog 221 ——_———_—*, 
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fvi@— w*)\da = — — a® arc cos © + sev at — 2), 


1 
2 
fve ne: ee zl 

=a) da — 5 & ar cosh | + 5 -v/(=* — a") 


[Vetta do = 52° ar sinh” + 3 (a? + a), 


, dz ene 1 a+b 
en wie se eae) 
1 V(e—c)—a2—5 


= — —______ Jog | --——__—_ : 
IVP—o) "| e tated 
if c < 6%, i.e. a2 + 2b2 + c = O has real roots. 


dz = 1 a+b 
Jaye Fem Tew Tey 
if c > b?, i.e. 2? + 2ba + ¢ = 0 has imaginary roots. 


i e* sin bade == e%* (a sinbr — 6 cosbz). 


1 


e% (a cosbz + 6 sinba). 


2 a 1 
fet cosbads = 4 


: sin*tg 
foinrz coszdz = 


n+1° 


Recurrence Formule (p. 221 et seq.). 


1 : n— 1 

f cos*ada = — cos"! a sinz + f cos"—22 da, 
n n 

. | er n—I1f.. is 
sin" gdxz = — - sin"-!z cosz + —— | sin” *adz, 
n n 
fo coszdz = x2" sing — n far sina dz. 
fo sinzdz = —2" cosx + n far cosxzdz. 


: sin™17 cos™ 12, n—I1 ¢. 
f sin” ¢ cos" x daz = ————___—- + ———. f sin” z cos*—? ada. 
m+n m+n 
18° (#798) 
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f (log2)"*dx = x(logx)" — n f (log x)""1 da, 


[ane da = gher — n far-rerde. 


fx (ogz)dz = ee . re 7 [2*(loga)*de (a =k —1). 
i de x 4 2n— 38 f 
d+ey 2-1 + ey?" 2a—-D/ 0+ ay 


3. Integration of Special Types of Functions. 


(a) Rational Functions. These are reduced to the following 
three fundamental types by resolution into partial fractions 
(pp. 226-234): 


— Zs 1 1 
(@— a) a1 @ ap? 
forme aoe! ote 
(a2 + 2be + ce)” (c— BF (1 + ua)” 
where c—B>0, u= (z+ b)/4/(c — 0%), 


the integral on the right being evaluated by the last recurrence 
formula given above; 


adx 
iy (a? + 2bx + c)" 
EEE: ee ee ee d 
~ 2(m—~1) (2 + 2be + 0) le + 2ba+ ¢)” 
where the integral on the right is of the type immediately pre- 
ceding. 
In what follows R denotes a rational function. 
(b) f R(sinz, cosz) dz (p. 237). 


—ft 

Substitution: ¢ = tan ”, so that sing = —“’ —g) COST = ! ere 

ie 2 2 iF t 1+? 
a ite 
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If, however, 2 is an even function or involves tanz alone, the 
following substitution is more convenient: 


us 1 dx 1 


w= tang, sin?s = , cos?g = ———_., — = 


1+ lt+wdu 1+ 
(c) f R(cosh, sinh z) dz (p. 237). 
2 
Substitution: t= tanh a, so that sinha—= = cosh z= 1 ae 
ad 1 

(a) Ff R(em=) da. 
Substitution: t = e™*, de = a 

dt ma 
(e) f R(x, «/(1 — 22) da (pp. 237-238). 


Substitution: 


_1-# _ % de 4 
tel) ie VO ape TO 
(f) [Rl Viet — 1))dx (p. 238). 


Substitution: 
a—1 _14+¢@ pa 2 d@__ 4 
t= (5 i) ~~ l-# bas ae —~? dd (—e® 
9) [ Ria, VL + 2))da (p. 238). 
Substitution: 
2 2 
eet Viet, 2= 9S) yop at th Pt 


(h) p R(a, /(ax* + 2ba + c)) dz (p. 239). 
ax-+ b 


V1 ae — FT 
one of the three preceding types. 


The substitution £ = reduces this integral to 
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() [R@, vae+ 6), Vice + eu 


Substitution: ¢ = +/(cx + d) ora@= - “(e- PM ar 
(k) [R(z, He 2) ae (p. 240). 
Substitution: 

pe Ad de  ad—be ,,. 
= dee) ce — a dé ~ (ce — ay” - 


5. Untrorm ConvERGENCE AND INTERCHANGE OF INFINITE 
OPERATIONS 


For the definition of uniform convergence see p. 391. 

A series which is uniformly convergent in a closed interval 
and whose terms are continuous functions represents a con- 
tinuous function in that interval (p. 393). 

If | f(x) | S a, and Xa, converges, Xf,(x) converges uniformly 
(and absolutely) (p. 392). 

Interchange of Summation and Differentiation pp. 396-397). Any 
convergent series of continuous functions may be differentiated 
term by term, provided the resulting series converges uniformly. 

Interchange of Summation and Integration (p. 394). Any 
uniformly convergent series of continuous functions may be 
integrated term by term. The resulting series also converges 
uniformly. 


6. Speciat Limits 
Stirling’s Formula (p. 361). 


F n! 
lim ———-——_ = l. 
a—>o \/Qarnntte-n 


Wallis’s Product (pp. 223-225, 363, 445). 


7 Hoa ( 2n an ) 
2 nmi \Qn—1 2n4+1) 
! 292n 
tim ne 
VAS oniya. 
(For infinite products, see pp. 419-422). 
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as ink (ae “y (p. 175). 


a> @ 


an | oo 1 
= > => —— Il ’ $> ] . 420 ° 


sina = we Tt (1— *) (p. 445). 


n=l n? 

Definition of the Gamma Function (pp. 250-251). 

To)= fete-ide @ 2): 

0 
T(z + 1, = 2I(z); 
if ¢ is a positive integer n, 

I(n) = (n — 1)! 

Order of magnitude of functions (pp. 190-195). 


lim © =o, ife>0 (p. 192). 
x—>o 2 
lin: 8 6 Gta SO (p. 192). 
x—>o x 
lim 2*logz= 0, ifa>0 (p. 195). 
“-—>0 


7. Sprcra, Derinire INTEGRALS 


Orthogonality relations of the trigonometric functions (p. 217). 


Bee: : 0, if m+ n. 
f. ra sinned = { ifim=n, n+0. 
ta 
f sinmaz cosnz dz = 0. 
on __ (0, ifm n. 
de cosmz cosnz dz = il ene WOO: 
f etdeal ya (p. 496). 
0 2 
SINT gy — 1, (pp. 251-253, 418, 450). 


o ¢£ 2 
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8. Mean VaLue THEOREMS 
Mean Value Theorem of the Differential Calculus (p. 103). 
fet f0) _ pet 6h), O<O<1, 


If f(z)=f(e+h)=0, this gives Rolle’s Theorem (p. 105): 
between two zeros of the function there is always a zero of 
the derivative. 
Generalized Mean Value Theorem (pp. 135, 203). 
fO)-F@ _ ft) 
g(b)— g(a) 9 (éY 


where & is a value between a and 6, 


Taylor’s Theorem (pp. ee 
f+ h=f@)+5 *f@+e ae (@@)+.. +7 | £(e) + Re 
with the remainder (pp. 323-324). 

R, = — nh har)" fet) (g+ r)dr 


Ant 
~ (w+ 


a - (1 — 6)" fO+D (e+ 6h) (0<b<)). 


wo (a + 6h) 


Mean Value Theorem of the Integral Calculus (p. 127). 
[fede = (b—a) f(é), wherreaS Sb. 
[1@ p@) de =f ['r@ de, #p@ ZO. 
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9. Expansions IN Series: Taytor Series, Fourrer Series 


1. Power Series (for definition, see p, 398). 
(a) Power Series in General. 


Any power series = a," 
n=O 

in one variable has a radius of convergence p (which may be zero 
or infinite); the series converges when |z|< p, and in fact it con- 
verges uniformly and absolutely in every interval | x| Sy, where 
n<~p; when |«x|> p, the series diverges (p. 400). 

If the remainder in Taylor’s theorem tends to zero as n 
increases, we have the infinite power series (p. 325) 


fet H=fo+rpet+hpra+... +B pret... 


(6) Special Taylor Series (pp. 316-319, 326-330, 405-409, 
422-423), 


2 2 ot xn 
log (1 =@——~+2——+—...+¢(—l)*!_4+.. 
og (1+ 2)=2@ eg) ga Sr 
for —l<271. 
2 an 
BE ok opt eer Ses 
: Be 2° a ont 
eS a reed @apipit 
for all 
an 
ert ee eee values 
2! 4! (2n)! of x: 
‘ oe a gant 
ae at ep ee 
ze gz 2" 
NE SUE eg hay ee pay 


= 2(2% — 1)B 7 a 
sls v—1 ‘2r yl me = 
tanz = = (—1) a a a for 5 <a< 5? 


ry 2” B, 
eeota= YL (—1) 2 for —ar7<a<z7, 
va (2v)! 


where the quantities B,, are Bernoulli’s numbers (p. 423). 
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la 1.305  1.3.527 


are = — — ——— ‘Stas 

mes et pe e456? 246 7 

ereinho=xe—l@y 13% _ 1.3.62 | _ Sua for 
23 2.45 2.4.67 —lsevsil. 
es 

are tang = ~7— —_+——-+... 

c tanz = & gts + 

artenhe= ote +o 4... for |x| <1. 


Binomial Series. 
(1+ a)" 
= par Meas, ae 


ni 
for —-l<2z<l, 
if a > —1 for z= 1 also, 
if a = 0 for x = —1 also; 


in particular, 
eS ee ee ee 
l+<¢2 
1 
pe ere i ey 3a? — 423 WT ee ey 
@+aF ze + 
1 ou 1.3 1.3.5 
gee a ase 
VOT 34 Poae Se 
1 1 1.3.5 , 1.3.5.7 
ates : fetes 
V+) Lm jet “2.4.6 °2.4.6.8 © 
Elliptic integral: 


12 


i V (1 — Paint) 


a(a—1)(a—2)...(a—n+1) an 


so (yee Gees er) 
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2. Fourier Series. 


If the function f(x) is sectionally smooth in the interval 
—7 S27, ie. if its first derivative is sectionally continuous, 
the Fourier series 


f(z)= 00 + > (a, cos vz + 6, sin va), 
yal 


+n +r 
where a,= af S(O) cos vt dé, b=! f f(t) sin vt dt 
Td x Tl—7r 


is absolutely convergent throughout the whole interval. If 
f(z) has a finite number of jump discontinwties, while elsewhere 
f'(2) is sectionally continuous, the series converges uniformly in 
every closed sub-interval which contains no discontinuities of 
f(z). At every point at which f(z) is continuous, the series 
represents the value of the function f(x), while at every point 
of discontinuity of f(x) it represents the arithmetic mean of the 
right-hand and left-hand limits of f(z) (pp. 447-450). 


10. Maxima anp Minma 


The following rule holds only for maxima and minima in the 
interior of the region under consideration. 

In order that ¢ may be an extreme value of the function 
y = f(a), f’(€) must vanish. When this condition is satisfied there 
is a maximum or minimum if the first non-vanishing derivative 
of f(x) is of even order; if it is of odd order, there is neither a 
maximum nora minimum. In the former case there is a maximum 
or @ minimum according as the sign of the first non-zero deri- 
vative is negative or positive (p. 158 e& seq.). 


11. Curves 


In what follows €, 7 are current co-ordinates. 
Equation of the curve: 


(a) y=f(@), () F@,y)=9, ©) = 40), y= ol. 
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Equation of the tangent at the point (2, y) (p. 263): 

(a) n—y=(E—2)f'(z), (0) (F—2) Fat (n—y)Fy= 0, 
() {€— 40} VO —{n—¥O} 40 =0. 

Equation of the normal at the point (z, y) (p. 263): 

(a) £—2+ (n—y)f'(x) = 0, (6) (€—2)Fy—(n — 9) Fe = 9, 
() {€— 6@}9'O + (n— ¥O}V'O = 0. 


Curvature . i 
Peg Py? — 2P oy FoF y+ Py FP 


(a) k= a aQ+y2 (b ) k a (Fe+ FY)! ? 
(c) k= oh — bb 
(e+ pyr 
Radius of curvature (p. 282): 
1 
ee [eT 


Evolute (locus of centre of curvature) (pp. 283, 307-311): 


ity? 1+y? 
a) ga a—y EY, gay t 
(2) y y n=y a 
F2+ Ff? 
ets PL Sen et Fa 
(0) 2+ "en paar FF, P,P?’ 
F2+ PF? 
= FF, ——————_ 2 
I= 9+ “v5 Fe oF, FF, bP Pe 


PtP 4, et¥ 
ee as is ame a oP mae 


Involute (p. 309): 
g= 2+ (a — 8), n=yt (a — 8)¥, 


where a is an arbitrary constant and s the length of arc measured 


from a given point. 
Point of inflection (pp. 159, 266). Necessary condition for a 


point of inflection is 
(2) y= 0, (5) FF} — 2F FF, + Fy F2= 0, 
(0) ay — #9 =0. 


CURVES 547 


Angle between two curves (p. 264): 
a F « G, + F v G, 
©) cose = RFE RAV GET Os 
tt, + Yr 
c) cosw = ——____i "71, 
CE LCE 
In particular, the curves are orthogonal if 
(6) F.G_+ FyG,=0, (¢) t+ yyy = 9; 
the curves touch if 
(0) F.G, — F,G,=0, (c) i%— ty = 0. 
Two curves y= f(z), y= g(x) have contact of order n at 
@ point 2, if 
f@)= 92), f= 9a), ..., fO@= 9), 
fO* (2) = gf" *” (2) 
(pp. 331-333), 


12. Lenata or Arc, ArgzAa, VOLUME 


Length of Arc (pp. 276-280). Let a plane curve be given by 
the equations 
(2) y=f(z), (6) Fie, y)=0, (c) c= (6), y= ¥(d), 
(d) (polar co-ordinates) r = r(@). 


The length of arc is 
(@) = f'va+y%de, (o) o= feet + Phat 


O) a= fF VEE Fide, s= fort do. 


Area of Plane Surface. The area bounded by the curve 
r== 7(8) 
and two radii vectores 9, 9,, where r, 8 are polar co-ordinates, 
is given by 


1% 
51, 7% (p. 275). 
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The area enclosed by the curve 
y = f (2), 
the two ordinates z= 2, = 2,, and the z-axis, is 


f “yd (p. 80). 


Volume. The volume lying over the region R and bounded 
above by the surface with the equation 


z = f(z, y) 
is given by 
v=ff fey dedy (p. 487). 
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CHAPTER I 


1. Prove that if p and q are integers the expansion of p/q as a decimal 
either terminates or recurs from a certain point onward. Prove also that 
avery terminating or recurring decimal represents a rational number. 

2. Express 39 in the ternary scale (scale of 3). 

3. How would the number one hundred and fifty-six be written if (a) 
the binary scale (scale of 2), (6) the scale of 4, were in common use? 

4, Express the following numbers in the scale of 12: (a) 1076, (b) 10,000, 
(c) 20,736, (d) 1/6, (e) 1/64, (f) 1/5. 

5. Wecan find V2 to one decima! place thus: 1? = 1 < 2,2?= 4 > 2, 
therefore 1< V2<2. Next, 1:3?= 1-69 < 2, 1-47 = 1-96 < 2, 1-5%= 
2:25 > 2, therefore 1-4 << V2 < 1-5. 

(a) Continue this process one step further. 

(b) Calculate V7 to two decimal places by the same method. 

6. For what values of z do the following inequalities hold? 


(a) a+ 82-+120. () Je+ 5/2 
) &@—-2+120. (@) 32-2523. 


7. Prove that the arithmetic mean 24” of two positive quantities 


a, 6 is not less than the geometric mean Vad, i.e. that 


b = 
* = Vab. 
State when the equality sign holds. 


8. The quantity & defined by = = + ;) is called the harmonic 
mean of the two positive quantities a, b. Prove that the geometric mean 
ia not less than the harmonic mean, i.e. that Vab = &. 
When does the equality sign hold? 
9.* Show that the following inequalities hold, if a, b, ¢ are positive: 
(a) a? + 6? + c? Sah + be + ca. 
(b) (a + b)(b + ec + a) = Babe. 
(c) a2b? + b%? + c®a? > abe (a + b+ ©). 
549 
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10. The numbers 2, 2, %3 and a,, (i, k = 1, 2, 3) are all positive. In 
addition, aj, SM and 2 + 2,2 + 2341. Prove that 


Qyy0,2 + Qoyyr ry + -.- + Agg%_" S 3M. 


11.* Prove that if the numbers a,, d2,..., d@, and b,, by, ..., 5, satisfy 
the inequalities a4, 2a,2...24,, 6, 2b, 2... 25, then 


n3a,b, 2 z a,) ( > by)- 
1 fm) tm] 


12. Prove the following properties of the binomial coefficients: 


#1 ()+G)-G)r-#0)=« 
(b) (7) +2() +3(g) +--+ (f) = m2. 
(c) 1.2(5)+2.3(5) +... + (n—1im(7) = nin — 20% 
aisle) er C=" 
(e) (6) + (i) tee (ie (): 

13. By summing 
Uv-b Uv 2)... RED —(¥— Dov 1). V+) 


from v = 1 to v= n, show that 


nn+1)...a+kh+ 1) 


By + Wy + 2)... + b) = E+ 2 


14. Evaluate 18+ 28+ ...-+ 3 by using the relation 
v= vv + 1)(v+ 2)— 3vv+1)+¥ 
15. Evaluate 


1 


(2) + 


1 1 
1.2.3 ° 2.3.4 n(n + 1)(n + 2) 
1 1 1 


1 
OT. g "2.4 Snr a oy 
1 1 
See aia a) 


16. Find a formula for the n-th term of the following arithmetic pro- 
gressions: 


teeet 


©) Decat 737s 


(a) 1, 2, 4, 7, 11, 16,.... 
(b) —7, —10, —9, 1, 25, 68,.66 6 
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17.* Show that the sum of the first n terms of an arithmetic pro- 
gression of order & is 


aS, + 6S, + --- + pS; + gn, 


where S, represents the sum of the first n v-th powers, and a, b,..., 2,9 
are independent of n. Evaluate the sums for the arithmetic progressions 
of Ex. 16. 


18.* Prove the binomial theorem 
(a + by =a" 4 (i)ar% + (5)ansee +. toM 


by mathematical induction. (See also Chap. III, p. 201.) 


19. Find 
1 1 1 
(a) tim (5 + gg t+ apy): 
: 1 1 
@) lim (33+ 37 7 els -+ ye Fa) 
i 


(c) lim + 


tin (s, weit + om) 


k k — 
20. If La,;= 0, prove that lim La,Vn+i= 0, 


i=Q n—>o t=O 


21. Prove that lim » = 0. 


ro 2” 
8 
22, Prove that lim al ail = 0, 
—>o Qn 


23. Prove that lim +/n? = 0. 


n—>o 


24, Prove that lim int +n) = 0. 


a> 
25. Use Cauchy’s convergence test to show that the following sequences 
converge: 
] 
(a)a,= . 
n 
(ase) 
n 
1 
*@,= 14+ 4+ - are eat 
ee os l! * 2 = sz n! 


1 1 1 1 
* =)]—_ —_— | — 
ee aE Be get a al 
26.* Show that the limits of the sequences (c), (d) of the previous 
example are reciprocals of one another (so that the limit of the sequence 
(d) is 1/e!). 
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27.* Prove that the limit of the sequence 
V2, V2+V2, V24V24V2,... 
(a) exists, (b) is equal to 2. 
28.* Prove that the limit of the sequence 


1 1 1 
= — eeoet — 
aa - n+1 * 2n 
exists. Show that the limit is less than 1 but not less than 3. 
29. Prove that the limit of the sequence 


1 1 
@, = —— +...4+ - 
7 n+1 F + Qn 
exists, is equal to the limit of the previous example, and is greater than 
4 but not greater than 1. 


30. Obtain the following bounds for the limit Z of the two previous 


examples: a <Le< an 


31.* Let a,, 6, be any two positive numbers, and let a, <6,. Let 
2a, 6, 


STE. by = Vayby, 


and in general 


2a, 1 by arenes 


Prove that the sequences @), a,,...and 5,, b.,... converge and have the 
same limit. 
ay, 


‘ +1 ‘ n 
32.* If a, > 0, end tim = L, then lm 4/05 =L, 


33. Use Ex. 32 to evaluate the limits of the following sequences: 


n, n i ! 
(a) +/n, (b) 4/(n* + n4), (c) V(%)- 
34, Use Ex. 33(c) to show that 
n! = n™e"a,, 
where a, is a number whose n-th root tends to 1. (See Chap. VII, Appendix, 
p. 363.) 
za+2 


35. Prove that lim ——- = 2. Find a 8 such that for | 2| < 5 the dif- 
z—>0 % + 1 


cae = is. in absolute value, (a) less than 35, (b) lesa 
zx 


than zo, (c) less than ¢, ¢ > 0. 


ference between 2 and 
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36. (a) Prove that lim daa $. Find a § such that for| 1— 2{ < 8 
zo1t+1 2 
the difference between = d ste is, in absolute value, less than c, ¢ > 0. 
x 


Do the same for (6) lim V(1 + 2%); (c) lim “2%, 
z—>2 2—>o & 


Vv(lt+2)—1_1 


37. Prove that (a) lim = 
2—>0 x 


(b) lim V2+4(V2e+1— V2)=h. 
2 >a 


38. Prove that lim (cos 7x)” exists for each value of 2 and is equal to 
1 or 0 according ae ra an integer or not. 

39.* Prove that lim [lim (cos mn! x)?™] exists for each value of z and is 
equal to 1 or 0 adoanding an @ is rational or irrational. 


40. Determine which of the following functions are continuous. For 
those which are discontinuous, find the points of discontinuity. 


(a) f(z) = i dl al ond » f(0)=9. 
sinz 


(6) f(z) = et t> f(0) = 0. 
(c) f(z) = lim (cosra)?™, 
m—>o 
(4) f(z) = lim [lim (cosxn!z)"), 
n—>o m—>wo 


41. Let f(x) be continuous for 0 S21. Suppose further that f(x) 
assumes rational values only, and that f(z) = 4 when z= 4. Prove that 
f(x) = 4 everywhere. 


42. Has the function 
f(z) = 2sin3z + 10 cosd5z 
any real zeros? 
43.* If f(x) satisfies the functional equation 
fe + 9) = F(x) + fy) 


for all values of # and y, find the values of f(z) at the rational points and 
prove that, if f(x) is continuous, f(z) = cz, where c is a constant. 


44.* Prove a converse of the theorem of uniform continuity; namely, 
that if f(z) is uniformly continuous in the half-open interval a <2 <b, 
then f(z) tends to a unique limit as z + a (which may be taken as the 
value of f(a)). 
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45. Plot the following graphs, and express the equations in Cartesian 


co-ordinates: 
(a) r= a+ bcos@ (Limagon). 
2 : 
(() r= or (Ellipse). 


(c) r= 2280 Cissoid), 
cos 6 

3a sin 8 cos6 
sin* @ +- cos*6 

46.* Show that the equation of an ellipse with one focus at the origin is 

k 
™ T— €c0s(0 — 09). 

47. Let ¢ be the complex number x + ty represented by a point in a 

Cartesian co-ordinate system. Plot the curves 


@r= (Folium of Descartes). 


c~t 
== 2. 
(a) o+¢t 
(b)* . | =k, «a, B complex constants. 
Cc — 


(c) J@&—1l=&k. 
48. Let ¢,, c, be two complex numbers. Prove that 
(a) | +e] Slal+ lel 
(6) |e +e] =la]—lel- 
49. Prove the equality 
| ey + eg |® + | cy — cg |* = 2] ey |? + 2] col? 
and state its geometrical interpretation. 
50. Prove that (cos@ + i sin6)" = cosn@ + ¢sinn@ by mathematical 


induction, 
CHAPTER II 
51.* Prove directly that the derivative of the function 
fz) = asin i, 2+ 0; f(0)=0 
x 
exists at every point and is equal to 
teen 2z sin }, +0; 0 atzx=0. 

x x 

Show that although f(x) is not continuous at z= 0, nevertheless the 


mean value theorem still applies and the property of Ex. 57 below holds 
good. (See pp. 199, 200 of the text.) 
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52. Draw the graph of the function 
fla) = xsin*, 240; f(0)=0 


and find its derivative for x + 0. Show that its derivative does not exist 
at x= 0, but that the difference quotient H(z) = J) as x—>0 has the 
Zz 


upper and lower limits 1 and —1 respectively. (See p. 199.) 
53. Investigate the behaviour of the function 


fe) = sin? + asin b 20; f(0)=0 


with regard to differentiability. 
54. Prove that the derivative of the function 


f(a) = isin, e+ 0; f(0)=1 


exists at every point and is equal to 


f(x) = —Asinz+ osx, 2+ 0; f(0)=0. 
Fo 2 


Show that f’(x) is continuous, and find f(z). 

55. If f(z) is continuous and differentiable for a < x S 6b, show that if 
f(x) SO fora sax < Gand f(x) 20 for § < x S65, the function is never 
less than f(%). 

56.* If the continuous function f(x) has a derivative f’(z) at each point 
x in the neighbourhood of x = &, and if f(x) approaches a limit L as x —> &, 
then f’(&) exists and is equal to L. 

57.* If f(x) possesses a derivative f’(z) (not necessarily continuous 
at each point z of aS 2b, and if f’(x) assumes the values m and M) 
it also assumes every value u between m and M. 

58. If f’(x) = 0 for all values of ina S 2 S|, the graph of y = f(x) 
lies above the tangent line at any point «= & y= f(&) of the graph. 
(The curve is convex upwards.) 

69. If f(x) = 0 for all values of x ina <2 S 6, the graph of y = y f(z) 
in the interval x, Sz Sz, lies below the line segment joining the two 
points of the graph for which z= 2, x = 2, 


60. If f’"(z) 2 0, then (244) < fe) as F (2) 


61. Given f(x) = $23 — 2? + 1, find a number 6 such that for every 
h less in absolute value than 6 and every z in the interval ~$ S234 
the following inequality holds: 
h ~ 100 
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62. Differentiate directly and write down the corresponding integra- 
tion formule: (a) a; (b) tana. 
63. Evaluate 


_ 1 1 1 
(@) tim F(1t ate ya) 


(b) lim 2 (1+ sect + sect 7 +... + soot 2), 
n—>o 1 4n n 


4 4n. 
64. Prove that 
1 16 1 2nH(nt)s 
at — 1)*dx = —; (b)(—1)" 22 — 1)"dz = —--_*_, 
@ f de TO) (—Uf — dem 
65. Show that 
y+) 
1 <f dz 1 
yv+tl1 ; x v 
and 
1,1 1 n dz 1 1 
cti+t...ti<c —<1l+_—+4+.. ° 
stat aa Mer t5teeto 


Prove that the sequence thd fs v=1,2,..., is a 
v 1 2 


decreasing sequence and is bounded below. 


66.* Let f(x) be a function such that f’(x) 20 for all values of z, 
and let u = u(t) be an arbitrary continuous function. Then 


: f- ‘F(u(t)) dt zs(* f “u(tdt). 


67.* If a particle traverses distance 1 in time 1, beginning and ending 
at rest, then at some point in the interval] it must have been subjected 
to an acceleration = 4. 


CHAPTER I 


68. Differentiate the following functions: 
(a) etanta + log sing, 
(6) (w+ 2)(1 — a8)9(a2 + 1997, 
2 sina — xz° cosz 
Oya 
tanz 
69. What conditions must the coefficients «, 6, a, b, c satisfy in order 
that 
eS 
v (ax® + 2bx + ¢) 


shall everywhere have a finite derivative which is never zero? 
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70. Sketch the graph of the function 
y = (2*)*, y(0) = 1. 
Show that the function is continuous at z = 0. Has the function maxima, 
minima, or points of inflection? 
71. Among all triangles with given base and given perimeter, the 
isosceles triangle has the maximum area. 
72. Among all triangles with given base and given vertical angle, the 
isosceles triangle has the maximum area. 
73. Among all triangles with given base and given area, the isosceles 
triangle has the maximum vertical angle. 
74.* Among all triangles with given area, the equilateral triangle has 
the least perimeter. 
75.* Among all triangles with given perimeter, the equilateral triangle 
has the maximum area. 
76.* Among all triangles inscribed in a circle, the equilateral triangle 
has the maximum area. 
77. Prove the following inequalities: 
1 
e> 
(4) ie 
(6) # > 1+ log(l+ 2), «>0. 
(c) @ >1+(1 + 2)log(1+ 2), 2>0. 
78.* Let a, b be two positive numbers, p and g any non-zero numbers, 
p <q. Prove that 


» «>0 


[8a + (1 — ob]? _ 
[eat + (1 — 0)oe}"* 
for all values of § in the interval 0 < 6 < 1. 

(This is Jensen’s inequality, which states that the p-th power mean 
[da® + (1 — 0)b°}"” of two positive quantities a, b is an increasing function 
of p.) 

79. Show that the equality sign in the above inequality holds if, and 
only if, a = 6. 

80. Prove that lim [@a® + (1 — 6)b?]"? = a%'~. 

p-—>o 


81. Defining the zero-th power mean of a, b as a%b!~*, show that 
Jensen’s inequality applies to this case, and becomes (a + b) 


afb'-* > [Oat + (1 — 0)b9]'" according as q $ 0. 
For q= 1, a%'—® = Oa + (1— 6). 
82. Prove the inequality 
a!) = Oa + (1 — 6)b, 
a, 6 > 0, 0 < 0 <1, without reference to Jensen’s inequality, and show 
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that equality holds only if a = b. (This inequality states that the 0, 1 — 6 
geometric mean is less than the corresponding arithmetic mean.) 


83. If o(x) + © as x > «©, show that log (x) is of a lower order and 
e$@ of a higher order of magnitude than 9(z). 


84, If the order of magnitude of the positive function S(@) as &-> 0 


is higher, the same, or lower than that of z™, prove that [reat has the 
corresponding order of magnitude relative to <™+1, 


85. Compare the order of magnitude as x —> 0 of * (&)d& relative to 
f(x) for the following functions f(x): sd 


(a) (0) et" 
(b) &. (2) log. 


86. Prove that if f(x) is continuous and 


fle) = i “feat, 


then f(x) is identically zero. 

87. Prove that Sixt = (nm — 1x" — nat * +1 
(-1 (z— 1) 
d"(e%"/2) 


88. Show that a 


= u,(xer"/8, 


where u,(x) is a polynomial of degree n. Establish the recurrence relation 
Uns = Fy + Up's 
89.* By applying Leibnitz’s rule to 


d 2 a 
e%"/2) — o/3, 
— ( ) = ze’ 


obtain the recurrence relation 
Unty = Ly + Nyse 


90.* By combining the recurrence relations of Ex 88, 89, obtain the 
differential equation 
Uy” + ay’ — nu, = 0 
satisfied by w,,(x). 
91. Find the polynomial solution 
U,(z) = ao + ay 1+... 4+ ay 


of the differential equation u,” + zu,’ — nu, = 0. 
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92.* If P,(z) = soe (a? — 1)", prove the relations 
2" nt da” 
; oe | wi, (Wt Qa at? P, 
S Pf, . 
(2) Pati Q(n + 1) Pa + z+ 1 + —— Py 


(b) Pass’ = 2Py’ + (n+ 1)P». 
(6) & (a — Py!) — nin + DP, = 0. 


93. Find the polynomial solution 


= = a" + aya tt 64.4 a, 
of the differential equation 
é (a2 — 1)P,’) — n(n + P, = 0. 
94, Determine the polynomial P,(z)= —. 2 (2s— 1)" by using 
the binomial theorem. ann! dan 


95.* Let 2y,9(z) = (2)era — 2)", n=0,1,2,..., p Show 
that . 


Pp 
1= & A,,,(2). (i) ) 
nao? ap : Anp(®)- 
e.0 3 aC) ) 
ees ma oe et ww 
é 6 «© ee © 6 6 6 a= Ap, p(X)o 
CHAPTER IV 
Perform the integrations in Ex. 96-101. 
1+ V= ae a—} 
a 99. {| _—__——_ dz. 
- irPs® jaqee 
dx 
97. 100. . 
Ivexn* 1) lane 
dx 


98. ie ON Ps 
ones (1+ 2) a(x+1)...(@+n) 
Evaluate the integrals in Ex. 102-107. 


{2 al6 
102. f cos"ada. 103. f cos? 36 sin*60d0. 
0 it) 
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1 in 1 gintidz 
104. I wos 105. if Tia 
106. f "AV (1 — ade. 107. ‘; "a(l — 22)""de, 
Obtain recurrence formule for the integrals of Ex. 108-112. 
108. f (loge) da, 111. f e” sinhbedz. 
109. f aMe%® gin beda. 112. | e* coshbxdz. 


110. | 2%e° cosbadz. 


113. Integrate if aa in three different ways and compare the 
results. Vv (a — 2*) 


114.* Let P,(x) = —- — (2*— 1)". Show that 
nt 


f ” P,(2\P,(z)de = 0, if m+n. 
~1 


2 
n+1 
-1 
116. Prove that dk a™P,(«)de = 0, ifm <n. 
1 


1 
118. Prove that f P,2%(2)de = 
-1 


1 
117, Evaluate if x"P,(x)dx. 
-1 


Test whether the improper integrals in Ex. 118-131 converge or 
diverge. 


118 f jp 125 i “zlog sinadz, 
“Jo V(ax — 23) * Jo Pr 
eo dx [ ) 
119. —_-—.. 26. eda, 
1 1\" © 
120. f (log =) dex, 127. f ale thy, 
0 bd 0 
1 n a/2 om 
ia. f 2m(iog: ) dz. ize. f ici 
0 x fo |~—s (sin )” 
122 > I ax. ee bets 
77, 7. 
: i: €*2™(log x)" de. 129. f ae 
bd 2 xdz 
123. f log sinzdz. ; f encice 
J log sinadz. 130. | lpeants 


1 = adz 
124. [= log si is. f ee, 
a log sinzdz. 3 | ip wants 
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ao 
132.* If f) dx converges for any positive value of a, and if f(z) 
a oo a 
tends to a limit D as 2 > 0, show that f feri— Hf) dz converges and 
0 
has the value L log 8 
@ 


133. By reference to the previous example, show that 


(a) [ren 


zx a 


2 _ 
(b) a cos ax — cos Ba ented p 
0 x a 


b 
134.* If f fe) dx converges for any positive values of a and 5, and it 
a 
f(x) tends to a limit M asa —> © and a limit LD as « > 0, show that 


© f(an)—f(Ba) , 6 
| a aes dz = (L — M) log *- 


135. Obtain the following expressions for the gamma function: 


T(n) = 2 f ® ante de, 
0 


T(n) = i “(108 : \" "ae. 


CHAPTER V 


136. Plot the following curves and find their equations in non-para- 


metric form: 
Sat? 5a® 


ize "ise 
(b) a= at+bsint, y=a— boost. 

137.* Show that the two families of ellipses and hyperbolas, 
a y 
a?— i + b— 2) 
2 y 


e@—r7r bF—r 


(a) #= 


=1, forrv~a<b, 


=1, forra<7t<8, 


are confocal and intersect at right angles. 
138. Find the pedal curves (see p. 267, Ex. 11) of the following: 
(a) the ellipse x = a cos®, y= bsin® with respect to the origin; 
(b) the hyperbola x = cosh®, y = 6 sinh® with respect to the origin; 
(c) the parabola y? = 4px with respect to the origin; 
(d) the parabola y? = 4pa with respect to the focus. 
19 (1798) 
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139. Show that the tangent to an ellipse is equally inclined to the 
focal radii drawn to the point of contact. 


140. Show that the tangent to a hyperbola is equally inclined to the 
focal radii drawn to the point of contact. 


141. A constant length / is measured off along the normal to a para- 
bola. Find the curve described by the extremity of this segment. 


142. Find the area bounded by the loop of the curve 
a + yb — Gaxty? = 0. 
143. Find the area enclosed by the curve 
a%(a2 + y%)9(b2a® + atyt) = (a? — byt, 
144, Find the length of arc of the epicycloid 
a + b t 


@ = (a+ b) cost — bcos 


y= (a+) sint—b sin? +s 


reckoned from the initial point ¢ = 0. 
145. Prove that the radius of curvature at a point of the polar curve 


r= 10) s ‘dr 2753/2 
[e+ Gi) J 


ar ar\2 
Parl 48 4) 
"at *\ ao 
146.* If the curvature of a curve in the zy-plane is a monotonic 
function of the length of arc, prove that the curve is not closed and 
that it has no double points. 


147. Find the moment of inertia of a rod of length Z 


(a) with respect to its centre; 

(6) with respect to one end; 

(c) with respect to a point on the line of the rod at a distance d from 
the centre; 

(d) with respect to any point at a distance d from the centre. 


148. Find the equation of the curves which everywhere intersect the 
straight lines through the origin at the same angle «. 


149. Find the equation of the curves whose normal is of constant length 
k. (The “length” of the normal is the length of the portion of the 
normal intercepted between the curve and the z-axis.) 

150. Show that the only curves whose curvature is a fixed constant 
& are circles of radius 1/k. 


151. Find the equation of the curves whose centre of curvature lies on 
the a-axis and whose radius of curvature is therefore equal to the length 
of the normal. 
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152, Find the equation of the curves whose radius of curvature is 
equal to the length of the normal but whose centre of curvature does not 
lie on the z-axis, 


153.* Obtain the formula for the length of a curve in polar co-ordinates. 


CHAPTER VI 


184. Deduce the integral formula for the remainder Ri, by applying 
integration by parts to 


he 
fet fe) =f fet adr 
155. Integrate the formula , 


h 
Bm 1 f (h— a)°f%x + 2)de, 
and so obtain 


By = fle +b) — fle) — Hf'a) — Ep), 


156.* Suppose that in some way a series for the function f(x) has 
been obtained, namely 


f(x) = Gy + aye + age +... + Oye” + R,(2), 
where @, dy, ..., dy are constants, F,,(x) is n times continuously differen- 
tiable, and F(z) +0 as 2-0. Show that a, LO @— 0, «2+» %)s 
ie. that the iss is a Taylor series. 


157.* Find the first three non-vanishing terms of the Taylor series 
for sin? in the neighbourhood of z= 0 by multiplying the Taylor series 
for sina by itself. Justify this procedure. 


158.* Find the first three non-vanishing terms of the Taylor series 
for tanz in the neighbourhood of « = 0, by using the relation tanz = =>*, 
and justify the procedure. So8e 


159.* Find the first three non-vanishing terms of the Taylor series 
for V cosa in the neighbourhood of « = 0, by applying the binomial theorem 
to the Taylor series for cos, and justify the procedure. 

160. Find the first four non-vanishing terms of the Taylor series for 
the following functions in the neighbourhood of «= 0: 

(a) x cotz. (c) seca. (e) e®. 
(b) Vsing 


. (d) e™*, (f) log sinz — logz. 
Va 
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161. Find the Taylor series for arc sinz in the neighbourhood of x = 0 

by using 
5 x dt 
are sing = Ker gees 

(Cf. p. 203, Ex. 5.) 

162.* Find the Taylor series for (arc sinx)*. (Cf. p. 203, Ex. 5.) 

163. Find the Taylor series for the following functions in the neigh- 
bourhood of z = 0: 


(a) sinh-'=. (b) f “Hat. (c) i. i am a 


164.* Estimate the error involved in using the first m terms in the 
series in Ex. 163. 

165.* Two oppositely charged particles +-e, —e situated at a small 
distance d apart form an electric dipole with moment M = ed. Show that 
the potential energy (a) at a point situated on the axis of the dipole 
at a distance r from the centre of the dipole is mt +e), where ¢ is 

2 r 
approximately equal to 2 


(6) at a point situated on the perpendicular bisector of the dipole is 0; 
(c) at a point with polar co-ordinates 7, 0 relative to the centre and axis 


of the dipole is ary 80 7 +c), where ¢ is approximately equal to 
@ rt 

— (5 cos?6 — 3). 

8? 


(The potential energy of a single charge g at a point at a distance r from 
the charge is q/r; the potential energy of several charges is the sum of 
the potential energies of the separate charges.) 


166.* Find the first three terms of the Taylor series for (i + *) 
in powers of a 
x 


167. Evaluate the following limits: 
(2) lim zx [@ + “)- e|. 
ti x, 


®) jim Sa4 a [( fe y'- e|. 


ieee 

or te [4 Jere 

(a) lim a. (e) lim = 
z—>o\ @ z>o\ £ 


168.* Show that the osculating circle at a point where the radius of 
curvature is a maximum or minimum does not cross the curve. 

169. Find the maxima and minima of the following functions: (a) | 2 |, 
(6) 2 sin(1/z). 


MISCELLANEOUS EXAMPLES 565 


CHAPTER VII 


170. Show that the length of the ellipse z = a cost, y = 6 sint is 


{2 at — §2 
s= aa f 4/1 — e? cos*tdt, where e = "ae 


Caloulate the length of the ellipse for which e = } to four significant figures, 
by using Simpson’s rule with six divisions. 

171. Expand the integral of Ex. 170 as a series, and estimate the 
number of terms necessary for accuracy to four significant figures. 


1 
172. Evaluate if dog (1 + 2) dz, using Simpson’s rule with h = 0-1. 
x 


173. The hypotenuse of a right-angled triangle is measured accurately 
as 40, and one angle is measured as 30° with a possible error of 4°. Find 
the possible error in the lengths of each of the sides and in the area of the 
triangle. 


n+1/2 
174.* By considering f log(« + x)dz, « > 0, show that 
12 


a(a-+ 1)...(a-+ ) = a,n! n, 


where a,, is bounded below by a positive number. Show that a, is mono- 
tonically decreasing for sufficiently large values of n. (The limit of a, 
as n —> o is 1/T(a).) 


! ! 
175. Find an approximate expression for log sc where 
nt 


y+ mg +... try = 2 
176. Show that the coefficient of x* in the binomial expansion of 


1 1 
—ws totically given by —==. 
Jinn ee ically give Dem 


CHAPTER VIII 


177. Prove that if Z a@,2 converges, so does & ey, 


vel v=1 Vv 
178. If a, is a monotonic increasing sequence with positive terms, 
when does the series . +- I ev 2 +... converge? 
Ms Se) 
wo 
179.* If the series 2 a, with decreasing positive terms converges, 


then lim na, = 0. we 
a> 7 


180. Show that the series & sin™ diverges. 


vel 
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181.* Prove that if Xa, converges and if b,, b,, b;,...is a bounded 
monotonic sequence of numbers, then La,b, converges. 


182.* Prove that if Xa, oscillates between finite bounds and if b, is 
a monotonic sequence tending towards zero, then Za,b, converges. 


183. Discuss the convergence or divergence of the following series: 


(a) = ion (b) = (=) cos (8/v) (c) 3 = 
y 
ae (—1)” cos v0 (—1)” sinvé 
ve @ sore Ee 


184. Find the sums of the following derangements of the series 
1—$+4—44+4-—¢+H... for log2: 
() 1—4-—444-—4-44+4-w-wve+--..- 
() 1+4+h—-b-4-Ft4+4... 
185. For what values of « do the following series converge? 
1 


1 1,1 1 
Gia. oats et me 


1 1 1 1 1 
Oy ge aah gahige gee See? 


186. Find whether the following series converge or diverge: 


(lt h—-F+E+b-F4+4+4-Ft 4-2 
(G)1+4—Ft+E+-Et+F+s-E++—.-- 


187. Show that 


(a )E Goi converges. 
2 Jog(v-+ 1) — logy 
(2) tae (log v)? 
bay 1.2.3... 
So ee 
hele + 1j(a + 2)... (a+ v) 
ifaSl. 


converges. 


converges if «>1 and diverges 


a 


1 
188.* By comparison with the series & Sec prove the following test: 
v=1V 


If log (1/| an |) >1-+ « for every sufficiently large n, the series Xa, 


logn log (1 
converges absolutely; if eC hea) 


n, the series Xa, does not converge absolutely. 


<1 —e for every sufficiently large 


fo) 1 v 
189. Show that the series Z {1 — =) converges. 


veel 
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190. By comparison with the series 2 =» prove the following test: 


1 
v (log v) 

The series &| a,| converges or diverges according as 

log (1/n | @n |) 
log logn 

is greater than 1 + ¢ or less than 1 — « for every sufficiently large n. 

191. Derive the n-th root test from the test of Ex. 188. 

192.* Prove the following comparison test: if the series Xb, of posi- 
tive terms converges, and 


< Ont 
by 


Ont 
a, 


from a certain term onwards, the series La, is absolutely convergent; 
if 2b, diverges and 

Gntt | > Pnta 
ay 


n 

from a certain term onwards, the series Xa, is not absolutely convergent. 
193. Obtain the ratio test is es with the geometric series. 
194.* By comparison with z+ -, prove Raabe’s test: 


ve=1V 


The series & | a, | converges or Bivedies according as 
n( Leal | dp | ios 1) 
| @n+1 | 
is greater than 1 + ¢ or less than 1 — « for every sufficiently large n. 


195. By comparison with 2 ae. prove the following test: 
v(log v)* 
The series X|a,| converges or diverges according a8 
mlogn( 1 rn | —1-*) 
| Ont | n 
is greater than 1 + « or less than 1 — « for every sufficiently large n. 
196. Prove Gauss’s test: 


If Léa _. =1+8 Bide 


| @ysa 
where | F,, | is bounded, then 2 | a, | converges if y > 1, diverges ifusl. 
197. Test the following series for convergence or divergence: 
(a) a a a(a + 1 a(a + 1)(« + 2) ty 
B B(B+1)  B(B+1\8 + 2) 
by pp eB Mat) BIB+T) fe + Wlat2). BB+ INB+2) 
Ot at | 8st Det 


nite’ 
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1 
198. (a) Show that the series z rr converges uniformly for => 1 + «. 
y=1 
(6) Show that the derived series —Z logy converges uniformly for 
z2@21+e. ve 


199.* Show that the series 5°”, « > 0, converges uniformly for 
éXf2rN2n—c. ve 


200. The series 
a—l a(S). 1 2) 
eel Sse Be) 
converges uniformly fore Sz SN. 
201. Find the regions in which the following series are convergent: 


(a) Xa! (e) 2S, a<l. 
(v!)?ar a’ 
(b) & vi (f) IS a>. 
v 1 logy 
(c) a (9) i 
o(- 1)’ ad 
(d) = ae (h) = i ; 


y 
202.* Prove that if the series = = converges for 7 = 2p, it converges 
v 


for any x > 2,; if it diverges for 2 = xp, it diverges for any  < x). Thus, 
there is an “‘ abscissa of convergence” such that for any greater value 
of x the series converges, and for any smaller value of x the series diverges. 


203. If Z 2 converges for x = zo, the derived series —Z Glogs con- 


verges for any 2 > 2g. 
204. If a, > 0 and Xa, converges, then 
lim Ya,2” = Xa,. 
2—>1-0 
205. If a, > 0 and Xa, diverges, 
lim La,27” =o. 
z—>1-0 
206.* Prove Abel’s theorem: 
If La,X” converges, then La,x” converges uniformly for 0 S 2 SX. 
207.* If Dea,X” converges, then lim La,” = La,X”. 
r—> X-0 
208. Find the rational functions represented by the following Taylor 
series: 
(a) e+ e2—2—a2et+e7o+a?’—-—+4+.... 
(b) 1+ 2a — 423 — 524 + 7x? + B27 -~—++4+.... 
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209. Show that 
1 2 3 = 
(a) a eo a ee 


1 1.3 1.3.5.7 1 
b) = oe == V2. 
oto 4.6'9.4.6.8.10° 2 


210. Let z = re#’= r(cos6+%sin®@). From the expansion 1 = 3 2’, 
show that 1-2 y=0 


_ }—reos8 =: r” cosv0 
1—2rcos6+ 77 , 20 


__ snd  £S esinvd. 
1—2rcos6+ 7? 206 


CHAPTER IX 


211,* Using the expression for the cotangent in partial fractions, ex- 
pand xx cotma as a power series in. By comparing this with the series 
given on p. 423, show that 


2 1 _y (2n)" 
= (—1)™ . 
= ga = (OD 2. (2m)! °™ 
212. Show that 
Bo _ (sya primp 
v=1(2v— 1)?" 2(2m)! 


213. Show that 
2 (=U _ (Ha — 2)n™™ 
yam 2. (2m)! 


2m* 
v=1 


214. Prove that 


215. Using the infinite products for the sine and cosine, show that 


sin a (—1)¥—122—-1Bp, Bs: 
(a) log (=) =— 2 Q@vyv a; 


2 (— 1)¥—1 22-122 = 1)Bp, Seb, 
(6) log cosa = — = Quiv : 


19¢ ' (8798) 


v=1 
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216. Using the infinite products for the sine and cosine, evaluate 
(a) $.$.$.9. 92 22-28. 065 
(b) 2.3.3.3. 


10 14 16 
9°15° 15° 
217. Express the hyperbolic cotangent in terms of partial fractions. 


CHAPTER XI 


218. Find the curves whose tangent is of constant length a. (The 
“length” of the tangent is the length of the portion of the tangent 
intercepted between the curve and the z-axis.) 

219. Find the curves which are orthogonal to the family y = ce**, 

220. lf s denotes the length of arc of a chain measured from a point 
at which the tangent is horizontal, the form of the chain is determined by 
the differential equation 


d d ( dy 
1 = — (log ~}. 
xg HOB) = 3B 
Show that the equation of the chain is y = ¢ cosh * +a. 


221. Integrate the equation for the electric circuit 
pl + pl = E, 
where Z = Hy sinwt, and p, p, Ho, w are constants. 


222. A particle falls towards a point which attracts inversely as the 
cube of the distance and directly as the mass. Find the motion and time 
of descent if v= 0 and z= a att= 0. 

223.* Integrate y = —zp + x‘p?, where p = 2 

224. Integrate y= p+ logp. 

225.* Solve the difference equation 

Unset 2aUnya + buy, = 0, 


where a, 6 are constants, by putting u, = 2”. Show that the solution can 
be expressed in the form u,, = ar,” + Br", where 1, 7, are the roots (sup- 
posed distinct) of the equation 47 + 2a + b= 0. Show that the form 
of the solution when b = a? is u, = «(—a)" + Bn(—a)". 


ANSWERS AND HINTS 


CHAPTER I 

$1, p. 13. 

1. (d), (e). Show that 2 satisfies an equation of the type 

a +az°+...+4a,=0, 

where a,,...,@, are integers; prove that x is then either irrational or 
an integer. 

2. Use the irrationality of sin60° = V3/2. 

z b\? , a—B 

4. Write az*-+ 2b2+ ¢ as a eae de 

7. If a>0 and b?—acX0, it is possible to make az*+ 2bz-+c=0 
for some value of x if, and only if, b? — ac= 0; then use Example 6. 


8. The cosine of the angle between two straight lines is S 1 in absolute 
value, 


9. Use Schwarz’s inequality. 


10. Square both sides and then use Schwarz’s inequality. The sum 
of the lengths of two sides of a triangle is not less than the third side. 


§§ 2, 3, p. 26. 
2. (a), (d), (€), (9) odd; (6) even. 
3. (8), (c), (4) monotonic; (a), (d), (e), (2), (m) even; (d) and (e) identical. 


§ 4, p. 28. 
2. (n+ 1) (2m + 1) (2n + 8)/3. 
3. (c) Expand (1+ 1)" by the binomial theorem. 


4. (a) n(n + 1) + 2)/3. 
1 1 


(b) Sum ——— — - from v= 1ltov=n. n/(n+ 1). 
yv+1 sy 
(c) Sum — ap a romv Loven nn + 2)/(n + 1)%. 
5. 3; 193. 


7. 4(2n? + 3n? — 11n + 30). 
571 
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§ 5, p. 36. 
1. (a) 1; (6) 333; (c) 333,333. 
2. (a) 0; (b) @5 (c) 6; (d) apfbgs (e) 1/8. 
4. 19. 
5. (a) 6; (b) 10; (c) 14. 
6. (2) 25; (b) 2500; (6) 250,000. 
9. (a) 0; (6) no; (c) yes; (e) 30. 
15. The greatest of ay, ..., Ay. 
16. 2. 
17. Use the fact that n/2" > 0. 
§ 6, p. 45. 
1. (a) For every number M, no matter how large, there exists an 7 
such that | a,| > UM. 


(6) There exists a positive number « such that for every number Jf 
there exist numbers n, m greater than VM for which | a, — a@,| = & 


5 e= 2-71828.... 
‘) 


5. Error is less than : 
n(n 


§ 7, p. 49. 
1. (a) 6; (6) 15; (c) 4 @) 3. 
3. Limits (a) and (b) do not exist; limit (c) exists and is equal to 1. 
§ 8, p. 55. 
3. (a) 1/60; 1/600; 1/6000. 
(b) 1/10(1-+ 2|&—1]), &. 
(c) 1/120(1 + | & |), &e. 
(d) 1/100; 1/10000; 1/1000000. (e) 1/10; 1/100; 1/1000. 
4. (a) 1/600; ¢/6. (b) 1/400; c/4. (c) 1/77600; ¢/776. (d) 1/10000; e?. 
(e) 1/100; «. 
5. (a), (6), (c), (2), (g) continuous; 
(e) discontinuous at 2 = 2, 4; 


(f ) ” 9 C= 3; 

(h), (k), (m) 5, » = (n+ 4) 
(2), (j) ” » C= NT 

(2) sp » c=nnn+ 0. 


Appendix I, p. 70. 
1. (a) Upper bound = 224,* lower = 0, upper limit == 0, lower = 0. 


(b) ” — 4* so) —1i,* ” =0,* , =0.* 
(c) co) = vo* = —%,* ” = +, » = 2: 
(d) = 19% = —is# = 3 =i 
” 10? ” 3? ” 2> » = “—~ Be 
(e) ” = 2,* » = 0, ” =1, » = 0. 


The quantities marked * belong to the sequence 
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2. Divide the interval into a finite number of sub-intervals by points 
@ == oy Ty Way + 5 y= 0 80 close that | f(x) — f()| <¢ if x and @ lie in 
the same sub-interval. Join adjacent points «= 2, y = f(x;) by straight 
lines. 

3. The expression — | a—2;,|+ é| Z— %,,| has the slope zero 
outside the interval (x,_,, z;). Add suitable terms of this kind. 

$+e—Bl2—2|+|2—3|-$le-5|. 
4. (a) ¢/6; (b) e/na™1, n > 0; (c) 28/2. 


Appendix TH, p. 75. 
2. (a) r= a; (6) r= 2a cos(p — oo); (c) r= a/cos(p — Fo). 
3. cos20 = cos?@ — sin?6, sin26 = 2 sin@ cos 8; 
cos30 = 4cos*@ — 3 cos8, sin30 = 3 sin® — 4 sin®6; 
cos5@ = 16 cos®0 — 20 cos?6 + 5 cos6, sin50 = 16 sin®@ — 20 sin®6 
+ 5sin@. 
4. (a) 6; 0= x, r= 3; 0= 7/2, r= 2; 0 = 3x/2,7r = 6. 
()1+V3+i1— V3) 0= n/4,r=—4V2; O= 2/3, r= }; 
6 = 7n/12, r= 2V2,. 
(c) 2; 0 = n/4,r = V2; O= Tn/4, r= V2; O= 2x, r= 2. 
(d) 2—~ 2iV3; 0 = 5/6, r= 2; 0 = 5n/3, r = 4. 
(ec) +1; 9=0,r=1 0=0,r=+1. 


1 t\ au aan = 
(f) + (Jo + Ja) C= Br Hb O= Ar = t1. 


(9) /V2+ 1+ i/V2— 1/V2; 0 = x/4, 7 = V2; 
0 = 7/8, 7 = 4/2. 
(h) —4/18 (V3 + 4)/2; 0 = Tn/4, r = 3V 2; 
0 = 7x/6, 7 = (3V2)® = £/18. 
(k) 1, (—1 £ iv'3)/2; 0 =0,r = 1; 0-0, 3, rm 1. 
2) A/V V24 1+ in/V2— 1}; 6 = 2/2, r = 16; 
6 = 7/8, r= +2. 


5. Note that e” satisfies the equation 2*— 1=—0; then factorize 
a — 1, 


CHAPTER II 
§ 2, p. 87. 

1. Use formule of § 2 and the basic rules: 70/3. 

2. Required area may be regarded as the difference between the area 
under the line and the area under the parabola, taken between the points 
of intersection of curve and line: 10V 5/3. 

3. V5/6. 
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4, £(a? + 4b), 

5. (a) {(1 + d)te — (1+ a)4*}/(1+ a);  (b) —(cosab — cosaa)/as 
(c) (sinab — sinaa)/a. 

7. (b4 — at)/4. 

8. 1/(n+ 1). 
§ 3, p. 109. 

1. For every number a there exists an e such that for every positive 
number 8 there exists an x for which 


[z—&| SS and ja— 


ie) = 18) | — 


2. (a) —If(e + 1s (6) —2a/(a? + 2s ( (e) —-4a/(222 + 1) | 
(d) —cosa/sin?x; (e) 3cos3a; (f) —asinaz; (g) 2sinz cos; 
(h) —2 cosz sina. 


3. (a) & has any value; (b) = (x,+ %)/2; (e) b=] ait ee te, 


on 57/8 + tt 8g, V8 + x,7* 3/2 
ee Gotan 
§ 4, p. 119. 

2. (a) (0) & 
§ 5, p. 121. 

1. = = 0-785. 

4 
§§ 6, 7, p. 130. 
n n-1h sibre 6” = 
1.0) &="2", @ ga (F EEO), waved. 


3. (a) peggy + 1/n), lim I, = a; 
r—>o 
(6) 1, =a" /(n + 1), lim I, = 0 for —l1SaSl, © fora>tl. 
ao 


4. | F(xz)—f(x)| Ss af | f(x + t) — f(x)| dé. Use the uniform con- 
—8 
tinuity of f(xz)ina Sab. Also, we may write 


F(a) = 5. { a © fat + if “sinat\, 


where c is a fixed number. 

5. Express the integrals as limits of sums, using equal subdivisions 
of a Saw Sb, and applying Schwarz’s inequality (p. 12) to these sums. 
Another method is to integrate {f (x) + tg(x)}* 2 0 and use Ex. 6, p. 13. 


Appendix, p. 135. 
1. Let (x)= f’(z) where f’(xz) 20, o(x)=90 elsewhere. Let 


b(x) = f(x) — e(x); then (x) <0. Consider f * p(x)dzx, f “b(x) de. 
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CHAPTER III 
§§ 1, 2, p. 143. 
LfQ=l f"ay=8 f'’0)= 36, fsi%(1)= 96, f%(1) = 120, 
fr(1) = 0, fr#(1) = 0, 


2. 0. 
3. (a) a; (8) 175 ex; (0) A+ ex) (a) a 
fe) 22taB — ab) + 2uay — ae) + 2by — Bo), 


(ax? + 282+ y¥)? 
do(l +2) 9 
(f) a— sy" + 2) (9) . 
4. (a) F(x) = ayz" + (@g_, + Nay)a" 
+ ois + (n— 1}(a n—a + NA) yar* +.eee 


() Fle) = Sea + (any — My — + 
Cy Cy Co° 
5. (a) 2cos2z; (6) —1/(1+ sin2z); (c) tana + 2/cos*2; 


(d) —2/(1 — sin2x); (e) —Sne re a, 


6. sec3a + seca tan?z. 24 ae — 20 sec’ + secx. 
8. cos x (cosec?z — 6 cosec*z), 
9. 24 seca — 20 sec’ a + seca — cos. 10. ». 
11. aa?/2 + ba. 12. aa3/3 + ba® + cx. 
13. 2+ 27+ 05+ 2242. 14, —(1/x + 1/2? + 1/323), 
15. 27/3 — L/z. 16. asinz — 6b cotz. 
17. 32?/2 — 7 cosz — 5/2z7 — 9 tanz. 18. seca. 
§ 3, p. 152. 
1. 4. 3. ¥/a{1 — (n — 1)x}/na(1 + 2)*. 


4, cos*zx/2V2—2V2zsinzcosz 5. 1/Va(1~ Vx)’. 

6 (1 — tanz) + 32(1 4 tan?x) 
327/371 — tana)? : 

7. (arc cosx — are sinz)/V (1 — 2). 

8 

9 


. 2/(1 + 2®)(1 — arc tana). 
ri arc sing 


“V1—atarctanz (1+ 2%)(are tanz)? 


(eee Ea Se ee 
1+22 V1— 2*(arc coszx)* 


11. 0-785. 
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§ 4, p. 157. 
1, 82+ 1)% 2. 682+ 5). 3. 1524(3x6— 623 — 1)(2* — 32% — 1), 
4. —1/(1+ 2). 5. 2a/(1 — x). 6. an(axz + 6)", 
1 
Vx? — (2+ V2? — 1) 
x*(am — bl) + 2a(an — cl) + (bn — em) 
QV {(aa? + ba + c)(ix® + mz + nj} * 
9. —31 — 2), 10. sin 2x. 11. 2% cos (2*). 


12. sinz cosz/V (1 + sin*z). 13. 2 sin, — 1 0s =): 
eo 
2 
14, ———_______ 15. (2% + 3) cos(x? + 3x + 2), 
(1 — 2)? cos? Gte a “) 
x. 
16. 32%/V{1—(34+29)}. 17,-1. 18.1. 
19, avtpevy, 2 0. 4/5 cos(# + 7) {sin (a + ny Vs 


21 aa sinx 


< V{l — (a cosa + 6)?}" {are sin (a cosxz + b)}4~1, 


§ 5, p. 166. 
1. (a) Max. for z= —V2, min. fors = V2, infl. fora = 0. 
(5) Max. for z = 2, min. for x = 0, infl. for = — 35. 
(c) Max. for 2 = 1, min. for x = —1, infl. for z = 0, +V3. 
(d) Max. for 2 = 4/3, min. for 7 = . for z= — 4/3, 
infl. for ¢ = 0, +4/6 + V33. 
(e) Max. for 2 = (n + 4)x, min. for z= nz, infl. for z= 


an+1. 
4 


2. Max. for z= —V —p; min. forz= V — p; inf. forz—0. No 
maxima or minima when p 2 0. Roots are all real, or two complex and 
one real, according as g? + 4p <0 or > 0. 

3. The point (0, 1). 

4, Equation of line is (y — yo) /(% — 2) = —4/(Yo/%0). 

5. V'189 ft. 

6. The point dividing the line abd in the ratio 1/a : Vi 6. 

7. The square. 

8. The rectangle with corners x = + a/V 2, y= + b/v/2. 

9. The right-angled triangle, i.e. c? = a? + 6. 

10. The side of rectangle opposite to g must be at the distance 
2{V (8r? + 12) + h} from the centre. 

11. The cylinder whose height is equal to the diameter of its base. 
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13. If > is the angle of the prism and n its index of refraction, the 
angle of incidence must be arc sin( 7 sin ®). 
14, «= (Za,)/n. 
15. Find the minimum of 2? — pa. 


16. Find the minima of x — sinz and sinz — 25 in the interval 
Tw 


Ose 5: OF r, show that sing ; is monotonic in that interval. 
z 


de (tobe enat te tons)" Lees Se 
n—1 WV (ayy - +» Gy_2) 
§ 6, p. 177. 
1. 0-693. 2. logz. 3. 1/x logz. 4. I/V(1 + 2°) 
1 — 22V 1 + logz cosa 

” eV 4 logaz(V1 + logx — sinz) 

6. x(a? + 1) — 1/3(2 + 2). 
Ve es = 

"Ja — QJ iBT +1) 4(@— 2) (+S 
11. x= 1/), provided 4 + 0; if A= 0, no maximum exists, 
12. (loga)?. a), a®, 


13. atinx (logs) , loga { cose(toge) fe 2sinz eee). 


z 
§ 7, p. 183. 
1. (a) Keep = fixed and differentiate with respect to y; then put y 
equal to zero. 


(b) Evaluate f(z) first for rational z, and then by continuity for irra- 
tional x. 

2. Differentiate with respect to y, and then put y equal to 1. 

3. 2315 years. 


4. (a) y= B+ com @) y= —F + oom, wt Oi ibe exo: 


(c) y = Bue + ce; oe bag 8 ey* + ce, y + a. 
—% 


§ 8, p. 189. 
1. sinha — sinhd = 2 cosh (2+ sink (* °\. 


cosha + coshb = 2 cosh ¢ as *) cosh (% = ’, 


eosh1 — corhb = 2 sinh 
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tanha + tanhb 
1 + tanha tanhd 
1 + cotha cothd 
cotha + cothb ” 


tinh tae f(es—); cosh ja = oe). 
etanhx+coth x 
‘cosh4z —1° 
(c) (1+ sinh 2x) coth(x+ cosh?x); (d) 1/V (2*—1)+1/V (a?4+ 1); 
(e) «sinhz/V (a? cosh?z + 1); (f) 2/(1 — 2%). 
4. sinhb — sinha. 


2. tanh(a + b) = 


coth (a + b) = 


3. (a) sinhz + coshz; (6) —4 


§ 9, p. 195. 

1, (a) Higher than 2%; (6) lower than x‘; (c) same as 1; (d) higher 
than 2”; (e), (f) higher than xi—*, lower than z}+¢; (g) same as 2; 
(4) higher than 2%; (j) lower than 2‘. 


2. Higher than e®, (log x)". same as ew? ; (b) lower than e%. ¢%*; 
(c) bounded; (d) same as e”, lower than e**, higher than (log x)*; (e), 
(f), (g) lower than e, e®*, higher than (log x)"; (4) higher than e*!~*, 
lower than e#!+*, higher than e, (log 2)*; ( 'j) same as log x, lower than 
em, eX, 

3. (a) Same as 2°; (6) lower than (2) (c) same as x; (d) same as 2; 

2, 
(e) same as 25/2; (f) same as 78/2; (g) higher than 2%; (h) higher than 


zi-¢, lower than 2; (j) lower than (3). 
4. Yes; 0. 5. 0,1. 


6. lim { = f(0) = 0. 8, 9. Use result of Ex. 7. 
z—>0 


Appendix, p. 203. 
Le f’"[g{ h(x) }]g"*{M(x)}h’%(x) + f Lo{h(x)}] 9’ (h(a) }h'2(2x2) 
+ fT gt h(x) 3] g'{h(x) }h’"(x). 


2. (a) nase Cl + loge. cos). 


(b) (cosay***(—tantz + meee), 


( —#@___ Me) logue) 
u(z) loge(z) ox) {log o(x)}8 


ANSWERS AND HINTS 579 


4, (a) e*[a%F 4 3na—12* + 38n(n — Ia” *e + n(n — 1)(n — 2)a”-$}; 
2—1)"%(n —1)! /** 1 
(b) omer ae (= — loge); 


vel y 


(c) eh a” {cosz — 3?" cos3x}, for n = 2m; 
cae {32™+1 sin3xz — sinz}, forn = 2m+ 1. 
(d) oy [(m-+ &)®* sin (m+ k)x— (m— k)*! sin(m— k)x], for n= 21; 


((m + k)?*1 cos(m + kx — (m — k)?*+1 cos(m — k)x), for 
n= 2+ 1. 


aSn 
(e) e[( = (—0)'(3)) 2") cos 2x 
io 
+15" 
+/( : (—9()", 1) 248) singe = 52% eos (2x-+-na), 


t=O 


where tana = 2 (expanding (1+ 21)" by the binomial theorem, and 
grouping real and imaginary terms). 


(Ne - (°) (*) ata, 


5. Let y= aro sinz. Then 
d"y q”™ 1 d-3 
(vam —at)) dat? \(1 — ami) 


a aan 
Apply Leibnitz’s rule to this last expression: 
d"y ans ( 1 ) 
— = a oD) a 
dx” |a—0 (n as (1 — 2?)9/2/ 200 


= 3.(n—2) 7 yee mi (Ga 


and continue the process: 


WY) 1.3.5...(2v—1).(n—2)\(n—4 2 cd 
galt + o(2v—1), (n—2)(n—4)...(n—2v+ 2) nav \ sain)" 
dry dry 
(f n= 2i, . =]3, 32. 5?..... (21—1)*. 
= da a0 dx” |r=0 ( } 
- mi al 
fu(orosinz)*| == (a B38. wee. (QE— 18.12. 38... (21-23), 
tee0 k=O 
qa 5 
qaatnn (are sin)? = = 0. 


6. Differentiate (1 + 2x)" twice and put z= I. 
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CHAPTER IV 
§§ 2, 3,* p. 217. 
1. de”. 2. —}o*, 3. 2(1 + 24)37, 4. 4 (logx)*. 


5 l ] as 
-n—1 (ies : 


6. Hint: write denominator in the form (3% — 1)? + 1: are tan (3% — 1). 


i 2 
7. og {25 ty fit (25) I. 
8. Hint: 62/(2 + 3x) = 2—~ 4/(2+ 32): Qn — $log| 2+ 3a]. 
9. arc sing — V(1 — 2%). 10. log { {2t*4 1+( (++) \'}. 
11, aresin 22, 12. secteajeigeaa@ed 
aia 42+ 1). 
14, —4V (2+ 2a — 32%) + ——- aresin Ecole 
vi V7 
2 22+ 1 me | 
15. A 16. — senate 
Ta are tan V3 6. 75 are tan V5 
17. : arctan? _, tt at>o — 1, its aao 
V(b — a?) Vv (b — a?) sta 
a +4 ith—a<0. 


(a CEST) 
18. —24/4 — 23/3 — 28/2 — x— log| x— 1}. 
19. Hint: sin*z costz=sin x cos*(1—cos*x)=sinx costz—sin az cos*a: 
cosa | cos’ 


5 ms 
ins ind in? 
20, SB %_ 9 Sine 4 Se 21. AL — 22) — 1 — 22), 
; oo (1 — a8) — 3(1 — 24) 
22. arc sina — 4aV (1 — 2°). 23. 12/32. 


24, LA (-" 25. 2. Weg oe 
n+1 ai +a) 20 + 8%) 


27. $(a — 68) + 3(a% — Bb?) + (a— b) + log -— . 


28. (1 — 608 =). 29. Cf. Ex. 8, p. 88: 1/(n + 1). 


* Here and elsewhere the constants of integration are omitted. 
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§ 4, p. 225. 
1. Take f = 2, g = cosz/sin?z: —x/sinz + log tan 2/2. 
2. Take f= 1/4, gf = 428/(1— xt): at/4(1 — a4) + Plog] 1— 24}. 
3. (a? — 2) sina + 22 cos. 
4. —Hat+ De®. 5. 4n(—1)"/n. 6. 0. 
7. ace sina* + cosa’). 8. ggsindx —}sin2xe+ gx. 
9. zhzsin6x + Fsinds + $F sin Qe + Pen. 


10. Put z= cos0: aV1 — @(— py — tee? + B04) + a aresinz. 
1 1 
1. (4% 2. 2). 12, - __ 11 aoe On 
IL, ez x -+ 2) ope loga aed 
gmt said . ‘ : 
13. ase 7% imp D* 14, 425{(logz)? — 2 loge + 3}. 


16. Put 2? = ¢t, then use Ex. 15. 
17. Integrate by parts repeatedly. 


19. Use mathematical sie assume that the n-th iterated 
integral f,,(x) is given by ae mip aa f(u)(z — u)""1du, and expand the 
integrand by the binomial theorem. Then fata) = =f fa(t)di; integrate 
each term by parts. 


§ 5, p. 234. 
1. log ./| _* F 1 1-1), 
3 =e ene a 
3 3 
3. leg! 5) + spat aera 


4. Ene ae 


*f1+ 2 -—1 414 28 
a ye poet keen Te (cin 
2 ae Fenn? Va—=P © te—=n  NG— ey 
2x2+1 


7. log va 


+ bloga! + 2+ 1)-+ 5, aro tan 


ao 
v\«—1| 
22 —1 


8. gave Te $1] ~$log| at —2+1|+ gare tan— v3" 


9. bg 5 = + log y/1 + 2% + Bare tanz. 


w/z — 2) 


10. Zlog| z+ 2| + $log{z— 1] — $log|z+ 1}. 


11. — 2 + tog 4] e+ *| jaro tana, 
3 az—l 
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v3, get ser 
zp! Ba V3e+1 
+ } are tan(2z — V3). 


12. } are tanz + — 


+ fare tan(2x + V3) 


—1 v2 32? + 2 
13, $ log” tan 14, —~_* *_ _ 8 are tang. 
ee yg vs re | dae 
§ 6, p. 241. 
x 
2tan.~ +1 
2 a“ 2 ( 2 ) 
_ 2. tan 3. — ti 
a z 2 vg \ W738 
1+ tan; 
2 
x 
tan. +1 
4. 5 (tans — cot?*) + ee tan =|, 5. log . 
8 2 2 2 x 
tan. — 1 
2 
6. pp ate tan 2 V2, 7 Ja are tan 202 
8. ava are tan oe 9. z a + log cosx. 
tan= —14+ V2 
10. 758 
tan= —1— V2 
I cos?z — cosz-+ 1 1 2cosz — 1 
Ts log a —— arc tan ——__— 
4 98 cout cons = pe! av3 : v3 
1 2cosz +1 
-_ tan . 
2V3°° V3 
) ac 
12. 5 avVat— 4 — 2ar cosh 5 
1 te 19 Lote 
13, gtV4+ 92 + 3 arsinh 5 2. 
14 2 are tan 4/7—*. 
z—l 
a+ 2 
15. V(x? + 42)8 — (2 + 2) V (22 + 4x) + 4 ar cosh = 


log (Va— V4)(V1— 2+ V4) 
aL (Va+V3)(V1—2—vp] 


2 ete~ vine 


16. Ve— V(1—2)+ 


+ V(1— 2%). 


ANSWERS AND HINTS 583 
18. } ar cosh(2¢ — 24 + 1)-++ V(x — a)? + (2 —a)— 2V2z—4, 


2 rae ees 
19, 3 — a) (V (z = a}* —= V(x = b)8). 


§ 8, p. 254. 
1. Div. 2. Conv. 3. Conv. 4. Conv. 5. Div. 
6. Conv. 7. Conv. 8. Div. 9. Conv. 10. Conv. 
11. Conv. 14, (a) ForO<s<1. (6) ForO<8 <2 
15. Yes. 


Miscellaneous Examples IV, p. 255. 
1. Put arosing =; gerrcsine(z + V1 — 2%), 
2. £ cos*a — 4 cos? x. 


3. x{(logz)? — 2 logx + 2}. 2 — cosz 


4. } log —__—_—_.. 

2+ cosz 
5. Put V(l— e-) = ts x — V(1 — e®) + log{1 + V(1— e~*)}. 
6. 0. 7. 0. 10. 0. 


12. Consider the function 1/x for the interval 1 S232. Subdivide 
the interval into » equal parts and form the lower sum as in Chap. II, § 1 
(p. 76 et seg.). This turns out to be a,. Now let». The result is 
log 2. 


13. Compare with 1/V (1 — 23) at x= 0, 1/n, 2/n,...,(m—1)/m: 7/2. 
14, Evaluate 


lim log, /™! = lim 2 [1081 + log (1— *). Lape ee blog (1-*=)], 
a> n* n—>o 2 7 n 
using the definition of the definite integral. 

15. 1/(1 + a). 


CHAPTER V 

§ 1, p. 267. 

L. (22+ y= aXat — yh 

2. Take ¢ as rotating with constant velocity, and measure the time 
so that at time ¢= 0 the point P is in contact with the circle C: 
a= (R+1) cos0—r cos{(R+1)0/r}, y=(R+1) sinO—rsin{(R + 1r)0/r}. 

3. w= 2R cos0(1 — cos) + R, y = 2R sin O(1 — cos8). 

4, «== (R ~ 1) cos8 + r cos{(R — r)6/r}, y = (R — r) sin6 
— rain{(R — r)6/r}. 

6. Take rectangular co-ordinates so that the origin is at the centre of 
C and the point P lies on the z-axis at time t = 0: 27° + y** = BM. 
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7. x= Bat/(l +), y = 3af*/(1 + @). 
a (f’— 9) 
10. «= arc tan 52). 
11, caf Wo t+ mf = 9 f= M0) ,_ Sua + af +f af — fo) 
r+ 98 ATG? 


12. (a) C itself; (b) the cardioid of the circle with diameter PM, 
having its vertex at P, 


§§ 2, 3, p. 290. 
1. 2(°2— a), 2, 38/4. 3. 40°02 0,8). 4. GR. 
5. 6rr’, 6. x(1+ 42,2). 7. $7(a? + b? + 2,2). 
8. z= K+ o(1— 6/2R + s*/32R%)\(1 — 9/16R), 
y = R(s/R — s*/16R)(1 — 8/8R), for0<s <16R. 


9. & = 2a are cos(1 — #/4a) — (1 — s/4a)V {81 — 3/8a)/2a}, 
y= 8—s8/8a, forOSs S< 8a. 


10. s= V(4/9 + 2)? — 8/27. 11. 6R. 
12. (a) $a{ar sinh6 + OV (1 + 6%)}. 
(b) vat m*) (em? —_ emo), 


(c) 8R(1 — cos$6). (d) a{4(65 — 0,8) + 6 — 6,}. 
13. (a) $(1 + 42)°: min. $ at c= 0. 

(6) (a* sin? + 6% cos*o)/ab: if a>b, min. b/a at o=0, x, 

max. a/b at 9p = 7/2, 3/2. 
14. p= 1/vi. 
17. Vol. mh, — hy) — 4n(h,§ — hy’). Surface 2n(h, — h,)r. 
18. If p is the radius of circie and r the distance of its centre from the 
line, the volume is 27°7p?, the surface area 4xrp. 
19. m(ay — 29) + 5 (@inh2r, — sinh2z,). 
20. k= xs. 
21. y= —ar cosh 4 + V(1 — 2°) + const.; ¢ = log (2); 
x To, 


x=e', y= —arcoshe* + V(1 — e%) + const. 


22. Let ds, ds’ be the lengths of arc, 1, I’ the total lengths, A, A’ the 
areas, and k, k’ the curvatures of the curve and the parallel curve respec- 
tively. Then 


ds’ = (1+ pk)ds; kW = kl + pk) 
A’ =A+ lps np V=1+ Qxp. 
23. (a) & = r(sing, — sin 1)/(p2 — 93), 
1 = —1(cos 9, — C08 9;)/(P2 — 9) 
where 9, 9, are the 6-co-ordinates of the extremities of the arc. 
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(b) & = (2, sinhz, — 2, sinhz, — coshz, + cosh2,)/(sinhz, — sinhz,) 
4 = {2(x_, — 2,) + sinh2z, — sinh 2z,}/4(sinhz, — sinhz,), 
where (21, 1), (Xa, Yq) are the extremities of the arc. 
24. (a? + B°)(b — a) + $(B* — a). 
25. (a) sinhz, — sinhz, + }(sinh?z, — sinh*z,), 


(b) (x2 -+ 2) sinha, — (x,2-+ 2) sinha, — 2x, coshz, + 2x, cosha, 
fOs2sx. 


§ 4, p. 298. 
1. dx r sin(2t/r) = ain’ 
dt 2V (2 — 1? sin? (t/r)) r 
dz =e! P cos(2t/r) + 7? sin’ (t/r) 1 oat 
dé Vv (2 — sin? (t/r) ror 
2. Horizontal. 
3. w= v9/(1 + havo), t = 8/v9 + dks. 
4. (a) w= 4 arc tane’—- 1; a= 7. 
5. (a) t= Teak) (yoV (yo— ¥) — ol” are tan {y/(yo—y)} + drey0). 


(b) V{2p.M(1/R — 1/yo)}s (c) Aen 


6. 0 =at, r , where a -aor V ck; 


= 1 — e cosat 


7 2x 2 
period == = aa eaan 


CHAPTER VI 


1, 0:28. 2. 0-182. 3. Impossible; series not valid. 


§ 2, p. 325, 
oe oe 1 f(a +2) 
G,io1 ss feet 
l—@ x 
Lp tayerr—i 
T+ x x i 
§ 3, p. 330. 
1 v2 
1.1 ea R<- —. 
ae | 16 


2. 1-5; error just over 6%. 3. 1+ h; | z| < 03, 
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4,14 40— 4a & x 10 
ax Il 
5. (a) 14%, x (--3) x 10-2, 


1/l 1 fl l 
yp aed = (4-1) 2 x (-—1) (E=2) x 10. 
Oar n p 2n \n 6n \n n 
6. 0-0100. 7. (a) 0-9999; (6) 50133; (c) 98489. 8. 0-515. 
Dn) a 
9, 2-47 +2 (—128 20x)). 
aot gel a cos (262) ) 


10. 1— sa te m+ £ © (248 008 (802) + cos (82)). 
11. —}7— it ast* 


— 16% (17 + 248 tan*(Ox) + 766 tan‘(8x) + 840 tan® (62) 
8!" 4. 315 tan®(0z)). 
12. w+ ha + a5 


+ 16 (17 4+ 248 tan*(0z) + 766 tan‘ (6x) + 840 tan* (62) 
7!” 4 815 tan8(82)). 


43. fot + yet + dget 


+ 16” (17 + 248 tan®(O2) + 756 tan*(6x) + 840 tan® (02) 
8! 4 3165 tan® (6x). 


14, Latta — Fe Ox 


15. 1+ fat + Fat 
+ © (720 seo" (@z) — 840 sec (Ox) + 182 sect (02) — s00(Bz)). 


16. —4e — 408 — 5he® 
17. dx + 3ipe® + ae + ee. 


18. 2— 
8.2 ee are C 50 + 24 logI + 6z). 
19.1+4+a+ 4— Sat +5 — , e° (cos® (Bx) — 10 cos® (6x) -+ cos (62x) 


— 10 sin (6x) cos* (62) : 15 sin (6x) cos (6x) +- 6 sin? (62) cos (02) ). 
20. 2+ 423; O< 2 < x/4. 
21. (a) y= a? + of Qc + ...3 (6) y= 1 — 2? — 4 — 228 — 
(c) y= B+ w+... 


§ 4, p. 335. 
1, 2. 2. 4. 3. a= 8/3, b= 16/3, c= —5/3, d= —5/3. 
4. Third order and also zero order at (0, 0); zero order at (4, $). 
5. Third order at (0, 0). 
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7. Take P as origin and the tangent to the curve at P as z-axis. Let 
the co-ordinates of Q be (x, y). Then the centre of the circle in question 


lies on the y-axis at the point 7 = 5 + ae use Ex. 6. 
y 


8. Take axes as in Ex. 7; let the slope of the curve at @ be y’. Then 
the two normals intersect on the y-axis at the point y= y+ Et Now 
write y= VO ay... and let z > 0. 


2 
9. At a point P where Ps tit is a maximum or mini- 
mum, we necessarily have y’” = ay Take axes as in Ex. 7; then 


y’’(0) = 0, so that the equation of the curve in the neighbourhood of 
z=Oisy= ao +aa4*+.... The equation of the osculating circle 


e 
isy = Dat t batts, and the contact is at least of order 3, 
e 


10. Minimum at z= 0. 


Appendix, p. 341. 
1. na, 2. 1/6. 3. 1/30. 4, 2. 5. 1. 
6. Write expression as cotaz/cot5x: 1/5. 


7. 1/2. 8. 1/3. 9. Take logarithms: 1. 
10. ¢. 11. 2. 12, = 2: 
CHAPTER VII 
§ 1, p. 348. 
1. (a) 3-14; (b) 351416. 2. -89. 
3. 0-93. 
§ 2, p. 355. 


1, Error < —-03 metre, < 0:007%. 2. 0-693. 3. 1-609438. 
4. 3-14159. 


§ 3, p. 360. 
1. 1-0755. 2. 4-4934, 3. 1-475. 
4. 0, 1:90, —1:90. 5. 1-045. 
6. Write equation in form x = 1 + 0-325 — O-Ia4; 1-519. 
7. —1-2361, 3-2361, 5-0000. 
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CHAPTER VIII 
§ 1, p. 376. 
1 _1_ #1 
vvtI ov v+T 
2. Split up I/x(z + 1)(x + 2) into partial fractions: in the result 
substitute «= 1, = 2,..., 2 = v in turn and add. 


1. Use the fact that 


4. Convergent for « > 0. 
5. Put Da,= A. For every positive c,| 5s, — A| <« if m is greater 
than a certain m. Write 


i a i ae 
N N N N—m 
and let N > . 
6. Yes. 7. No. 
§ 2, p. 382. 


1. Convergent. 

2. Prove first that n!/n™ < 2/n? when m > 2: convergent. 

3. Divergent. 4, Of. Chap. IIT, § 9, p. 189: divergent. 

5. Note that (logn)'#" = n'# 8" and log (logn) > 2 when mn is 
large: convergent. 

6. Convergent. 7. 1f(n+ 1) 


1 J 1 
8. Bor = ay (lt geet een ent) 
: (+ ae ee +++.) 


<@tiy n+l (n+ 1)? 
1 1 1 
< —— ————- < ——. 
(m+ Ita _ 1 n.nt 
n+1 
9. Error = : + , +... 
(+ 14" (n+ 2 
1 1 1 1 
<@apnt appt wp Sapa 
10. Revenge 3 Now for 2 > 1, 


gan + gn 
n+2<8(n4+1), n+3 << 3(n+ 2) < @P(n+ D,...3 
hence 


meat e+ rt...) < Ge 


Error < 
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12. Convergent. 13. Compare with Ee. 
x (log x)* 
14. Compare with a eo 
x log (log log x)* 
16. Use Schwarz’s inequality. 
‘aes aS eg eS 
EES OM eae aw sy a 


then use the formula on p. 381, 


14+$4+44...+2=logn+ 0+ En» 


where lim ec, = 0. 


2—> 2 
18. Take the sum from v = I to v= mn: 
te wee Ra Ss se ee 
vel VY vein Yooovein = (V ver Yet AM peg V 
§§ 3, 4, p. 397. 
3. (a) lim f,(z) = {0 “*=° 
« (a&@ = 
Para a 1 if «+ 0. 
0 ife#=0 
b) lim f(a) = a > 0). 
(0) Tira fal) ( it r+ 0 ( ) 
1 a 
Convergence is non-uniform, and lim Srlzda = f lim f,(2)dz. 
aoJ—1 —la—->o 
0 if(a(<1 
4. lim f,(z) = 44 if|«| =1 
aria if if || > 1. 


9. Consider lim Vi — 2") for —1<2<+1 and lim Vl — ¥) 
n—>o 2—> 

for ~-l<y<+hL 

10. Let ¢ > 0. Divide up the interval by points x)= a, %,..., 
Lm, = 6 into sub-intervals of length less than ¢/3M@. At each point 2, we 
can choose n, so large that | f,(2;) — fm(x;)| < ¢/3 when n and m > n,. 
Let N be the greatest of 9, 1, ..-, %,_. Then prove by the mean value 
theorem that in each sub-interval the inequality | f,(2) — fm(z)| <¢ 
holds when ” and m > N. 


§§ 5, 6, p. 409. 


Note on Ex. 1-20: in most of these problems the ratio test is effective, 
but for Ex. 12-15 the root test is preferable. 


I. {x#| <1. 2. {2[ <1. 3. {z| <1. 
4.|x|<1. 5. |e, <1 6.-e <ez<4+o, 
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7.[a{ <1. 8. |z| <1. 9. [a,<L | 
10. [|x| <1. 11. [z| <1. 12. |x| < 1/a. 

13, | 2] <1. 14. | 2] <1. 15.0 <<a, | 
16. |x| <4. 17. |«| <1. 18. |x| <1 or a, which- | 


ever is the greater. 
19. [a#| <1. 
20. Note that 1/n'+1" lies between n and n~: |z| <1. 
g (ower, 


21. 
v=o Vi | 
Po a ER ee 
2 3 4 n+ 2 i 
23. W: nageiaus es 
rite sin?2 = cos —_—__——_ x". 
t v=1 (2v)! 
(2) (—1)2””-1 
24.1 xs 
+7 
25, 5 (TD Ca” 115 4 3% — 6.2%) 
y=8 32(2v)! ° ‘ 
12? 1.3435 © (8-1 1.3... (2v—3) 
26. = — = 8 So _ 
@+sateast tes 2.4...(2v—2) 
27. 1-4142, 
1 1 1 
28. J — —_ + —_ — —_._ + —.... 
@1- sate iat 
1 1 1 


Dy ee Eee sis 
) 3+ 330 + gaat 

1,1 1,1 
M1-5t+tZ-Rtp~-te- 


(d) Putx=1/t — — + aes eee 


29. (a) eta =. (b) a2 — atte 
(op ey Be aah. 
Se 32. f(x) = 4e®>— z— 1. 


Appendix, p. 423. 
1. Break off the series at the n-th term; then 


a® <1—V(1—2) SI. 


3) 
Bebe 


Put «= 1: Paes 


1 1 
ee We 
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2. Use Ex. 1. Show that the greatest error occurs when z= I and 
that it can be made less than s. 

3. Write |t| = V# = V{1 — (1— #)}: then put x= 1— fin Ex. 2. 

4. The substitution = a-+ (b—a)t transforms the function f(z) 
into a function 9(t),0 Si <1. Approximate to 9(¢) by a polygonal fune- 
tion Y(t) to within ¢/2 (cf. Ex. 2, p.70). Represent $(#) as a sum of the 
form a+ b+ Xc,|t— |. Approximate to this by a polynomial (cf. 
Ex. 3) and replace ¢ by its expression in terms of x. 

7. If there were only a finite number of primes, the identity would be 
valid for any positive s, in particular for s = 1. (Multiplication of absolutely 
convergent series, ) 


8. First prove by induction that 


(l—2) Th (1+ 2”) =1—a", 


v=0 


CHAPTER IX 
§§ 1, 2, p. 437. 


ee it aie Bes , (nti 
3. & sinva = imaginary part of X ei; sin ( 
vel v=0 2 


4. Use the formula o,(a) = 4(1 — e#)-1(e-#na — efn+iie) on p, 436. 


a ain ™ efsin «, 
2 2 


5. Evaluate Ls f ‘ o,(«)de, and then use expression for s,,(a) in 
rd 
terms of o,(«). ‘ 
§§ 3, 4, p. 446. 


1 eam — g—an fy 2 (—1) 
a AG} Fd Qa * 218 + vB 


(a cos vx — vain v2)}. 


8 *) (—1)” 
— ni 4 ; 
(0) 1g ™ ss a oe 


sinax 2 I I 2 
” ror aes : Laserpt ¥—(e— 1) | sin va, 
if a is not an integer; }sin(a — 1)z + sinaz+4sin(a+ 1)z, if a is an 
integer. 


_ ees =e b— 
(a) b uae 1 s sin vb — sin va Paes cos vi cos va sin ve) 
Te y=1 v v 


2. Apply the transformation z= — 7 -+ 2nt to § 4, No. 2 (p. 440). 

3. Bt) = f—t+4; Bt) = ®—324 ht; Bt) = 428+ P—. 

4. B,(¢) has already been given in Ex. 2. By (0) of the definition in 
Ex. 3, the other expansions are obtained by successive integration. The 
constants of integration must be proved to be zero. 
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5. In the results for B,(¢) and B,(/) in Ex. 3 and 4 put ¢= 0. 
6. In the results for B,(¢) in Ex. 3 and 4 put ¢= }. 


i 2) 
8. cosxz = II 


a6 = 7) 


CHAPTER X 
§ 2, p. 465. 
3. (a) Discontinuous on the line x = 0; (6) discontinuous for z = y = 0; 
(c) discontinuous on the line = —y; (d) discontinuous for y = —2*, 
§ 3, p. 472. 
1. (a) of = Saar af = ae. emo . 
dz Baa? + y8)" dy B4/ (a? + 9??? 


(b) of . 22 cos (x? — y), z= —cos(a* — y). 


(c) gs eo, xm —er¥, 


Ci ae 1 OF ei y 
meV Etete ray by ~ Vater ae 


of —z 
& Viitatyt ap 
(e) 2 ye c0s(z2), 7 = sin(ax), 2 of == XY COS (xz). 
fj iae Ce ae, 
de fatty? oy lt ety 
a. See ae | af _. 
250) Co oe ge ne a 
Gye Wd BD Og Oh ad 
act by oy at a trey yt 


af_ ity af _ tat of _ 21+ yy 
bc (l— ay)” dy (l—ay)” oat (1— ay)’ 
af  Acty) Sf _ Al+ xe 


dzdy (1— ay)” dy (1— ay) 
(ad) Fam ya, z= a log, = yy — lew, 


e na = z1(1 + y log2), 5 = 2 (logx)’, 
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of 


of 

ee: -= —1e(x¥) = av (4) 

(e) ag TIE, Be log [xe@”), 
er 

7 = yor Pel(ya + y — 1), 


may = ete"(1 + y loge + yx logan), 


_ 2¥ (log x)%e")(1 + 2). 
3. Differentiate o(2*-+ y*) = U(z)d(y) partially with respect to 2 


and with respect to y. Eliminate o’(z? + y?). put y= 1, and solve the 
resulting differential equation: f(a, y) = ae’<"""”. 


§ 4, p. 479. 
reece Of _ z+ y cosz of y + x cosz 
de © V(a®+y2+ 2Qaycosz) dy | AV (a®-+ y? + Qary coz” 
Tf xy sinz 
~ V (at y? + Bay cosz 
(b) ra noice a og SO ae, St Eon 
Ba V (e+ Qzy*tys—at) dy (ety?)V (e+ 2zy*+ ya?) 
of x 


ae GREE at a 


of y 
@ 2a (14+ patra) 


= log (+ at + 9 at) + re 
ee! id ety 
aw l+attyi+2 
@ of 1 ' of z _, 
Ge AltatyV(ut yz) Oy AL+ e+ ye)V (e+ yz) 


of _. y ; 
Gz AL + 2+ yz) V(x + yz) 


a 1 of I 
2. (a) 7h a sfe"'2*(loge + (log x)? + ) (b) an = Tile (2 loga — 1). 
5. 2, = 3,2, = 1; 2, = 2, c080 + 2, 8in8, 29 = —2,7 sin® + 2,7 cosO. 
7. (a) ad — be; (b) 1/r; (€) 42y. 
§ 5, p. 485. 


ya 3 () — Fs (e) 5 @) -1. 
20 (8798) 
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19 
z 
4. Max. value 6, min. value —6. 5. dz/Ox = —1, dz/Oy = —1. 


3. (a) — ee (6) 7m; (c) 2; (d) — 


§ 6, p. 499. 
1. (a) a*b*(a? — b%)/8; (b) —4; (c) log2; (d) e%/b — 1/b — a; 
(e) 7/16; (f) 4/3. 
2. 2x. 


3. Use the fact that the figure is symmetrical; 34; of the volume lies 
above the triangle with vertices (0, 0), (1, 0), (1, 1) and below the surface 
m+ 2-1; 16/3. 

4. 4dn(r — h)*(2r + A). 


Moment of Inertia 


Area bev a ge ‘Lasts about ‘S-oxis 
5. (a) $r? (0, 47/37) 8 0 rer /8 ter4/8 
(6) ab (fa, 4b) ab? }a% dabs 40° 
(ce)  4ab (0, 0) 0 0 4ab?/3 dab /3 
(4) mab (0, 0) 0 0 nab?/4. —a®b/A 
(ec) 4$ab (4a, 4) —-4ad* ka? = ab8/12_——a8/12 
Volume brite Ree tot inertia 
x-axis y-axis z-axis 

6. (a) abe (fa, 4b, 4c) fabc(b?+-c%) Jabe(c?-+a®) fabc(a® + b%) 

(b) %na® (0,0, 3a/8)  4ma5/15 4rca8 /15 4nad/15 


(c) jabe (4a, 4b, $c) abe(b?+ c*)/60 abc(c?+ a*)/60 abc(a? +- b*)/60 


CHAPTER XI 
§ 2, p. 509. 
» ce + c,e%, o% — et, 


. cet + coe 24; et — e-2t, 


_ 


be 


3. cet? + cnet; Belt — e-*), 

4. ce? + cote*t; te~*t, 

5. cyet# + cgte-tt; tet, 

6. eH(c, cos = t+ c, sin we = ae—}* cos - (t— 8); 
OSes WS 
ge sin § v= V3/2, T = 4n/V3, 0 = 2/V3, 8 = x/V3. 


7. V 26+ cosd(t + dn); a= V2, 8= —x/2, v=}. 
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§ 3, p. 519. 
1.— et 4 Qe-2t s (2 — @*) coset + 3 sinwt 
l+a% 4+? (1 + @?) (4+ @?) 
= : ; ‘nue 2s wo = 0. 
V(i + @*) (4+ @?) 2— «0? 


2. eH#((at — 1) cos ee Ay + 1)sin 4) 


1— ow? + wf 


+ (1 — o?) coset + @ sinel. 


3 


1 — w? 4+ ot 
1 o ] 
a= —~——____, tanwd = —---,, =~. 
rains = 1—o? on ve 


3. ett ( cos ss t+ Js (20? — 1) a aD) 


1— w + a 

Ba ) sinat — @ coset, 
1— ow? + o 

a, tanwds, was in Ex. 2. 


—e-}((1 — 202) cos dt + (1 + 2%) sin}t) 


> 


4. 
1 + 4a! 
a (1 — 2?) coset + 20 aint, 
1+ 4e4 
1 2a 
= .-__, tanwd = ,o= 0. 

ite Ie 

5 zl w—4 — — 2t ) (4 ~ w*) coswt + 4@ sinwt 
, (a? +4? w+ 4 (a? + 4) * 
$4, p. 527. 


L. log(i + yd (y+ Vy? + 1)) + 20 +2" =e 
2. (y® — 2a3)/y = o. 
3. logy ~ [es = 

logy — v? 
. I/y = logz + 1+ co. 
. a= are tany — 1+ cere, 
y? = sinz — cosz + ce*. 
cy? = ery—lay, 


.p=ae—2+ce* 


we anan»n ep 


+ CO8%. cosy = & 
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10. ye + x=. 
11. x= cet + cote? + catPet. 
12. x = c,e8! + cyte?! + cg. 
13. y = ¢, cosz + c,sinz + cx cosa + ox sine. 
14. y=o,+ oxt-* 008 YF et sin 3, 
15. y = cye™ + come” + cse* + ove 
+ ¢, cosz + ¢, sinz + ¢c,” sinz + c.@ cos2. 
16. y= 6, + c,e7/@, 
17. e-¥ = ¢, sec(x + c). 
18. y= ©, + cox + cge® + c,e-, 
19. y= c¢, are tanz + cy. 


y dy 
20.2 = f tg, 
2logly—1[+aq * 


21, x= —1/(e,t + ¢,). 
22. 8 = (arc sin#)? + ¢ are sint + ¢,. 


23.6 bee = (oat ala) Sto sin 4/ 1). 
Gy % ke 


MISCELLANEOUS EXAMPLES 


CHAPTER I 


- Use § 5, No. 7 (p. 34). 
. 39 = 1-33 + 1-32-+4 1-34 0, hence the required answer is 1110. 
. (2) 10011100; (b) 2130. 
. (a) 758; (b) 5954; (c) 10,000; (d) -2; (e) -023; (f) -2497. 
« (a) 1-41 < V2 < 1-42; (6) 2-65. 
6. (a) Pe st eeat A) Bees de 
2 2 
(b) All values of x. 
(c) eS —3—2V2; —842V2S253-~—2V2; e234 2V2. 
(d) «=—2. 
7. Square both sides. Equality only if a =6, 
8. Use Ex. 7, Equality only if a = b. 
9. (az) Add the three inequalities a?+ b* 2 2ab, b® + c? 2 2be, 
oc + a? = 2a. 
(b) Multiply together the three inequalities 
otto va, “tavec, “t" 
(c) Add together the inequalities of the type a*b? + b%c? > 2b%ac. 
10. Apply Schwarz’s inequality to the numbers 2, x, x; and 1, 1, 1. 
11. From the relationship (a, — @;)(b; — b;) 2 0 we obtain 
a,b, + ajb; & a,b, + aby 
sum for all integral values of i and j from 1 to n. 
12. (a) Expand (1 — 1)" by the binomial theorem. 
(e) In the identity (1+ 2)"(14 2)” = (1+ 2)", expand and 
collect terms in 2”. 
14. n(n 4+ 12/4. 
‘ 1 1 1 1 
RUNES WENOFD 26057 OF DOF 5) * 


sum from v= I to n; 


aw WN 


= Vea. 


4 2n(n + 1) 
n(3n + 5) (c) Tn? + 2in+ 8 


b . 
Y 2(n + 1)(n + 2) 36(m + 1)(n + 2) 
20° 697 (R798) 
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16. (a) H(n? — n+ 2); (b) 3(5n® — 18n? + n — 30). 
17. (a) n(n? 4 5)/6; (b) n(n — 5)(5n? + 11m + 26)/24. 


18. Assume the theorem to be true for n = m, and then multiply by 


(a + b), obtaining the theorem for x= m-+ 1. Verify the theorem for 
n= 1], 2. 


19. (a) 1; (6) 4 (c) @. 
ta” GE 1 1 
25. (c) If m>n, eel a Gee lr 


coe od 1 1 1 
 @Fy 0+ 5+ a saat +t eEpm 


l 1 l l 
Sean Psat ain ee a 
1 1 1 
S@tii;_ i <anonl 
n+l 
(d) Similar to (c). 
(-1y 


a1 
26. Letc, = & -—, d,= 
sia v=0v! bs Bear at 


—ly 
Cdn, = () , and setting t-+ v= pu, we have 
v,r=o thy! 
2n n —ly n i ~)t 
Crdn = ia Son ies 


pent 1 r=0T!(Z— Tt)! u=0 r=0 al(p— a! 


Now 5 A ca'bit pO, so that 
r=0Th( — Tt)! 


2n n = 1} 2n fe 
Crdy —] | = Afr. Qe 
pa=nt1 r=0 a(u— )! want Ul 
n+ 2 23 
< 1 Pen 
win ( Teel @ta ) 
gn+i 1 gn+ 
<@+D fone S@—1).at 
n+1 
: 2n : 1 
Since — +0 as n>, c,d, >1 and lim d,= -. 
nt r—>o @ 


27. (a) The sequence is monotonically increasing and is bounded 
above by 2, since if a, <2, Gyy,= V2+a,<V4<2. 


(6) Let lim a, =a. Then use the relation a,;; = V2-+ da, to 
t—> 2 


obtain a= V2+a4 or a= 2. 
33. (a) 1; (b) 1s (c) Ife. 


I 1. & 
35. @) 5 ® Ty Tie 
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36. (a) 4c/(1 + 2c); (b) &/7; (c) arc cos(1 — e). 

39. Use the fact that if 2 is rational, n!z is an even integer for all 
sufficiently large values of n. 

40. (a) Continuous; (6) Discontinuous at x= 0; (c) Discontinuous 
at ¢= 0, +1, +2,...3 (d) Discontinuous for all values of z. 

42. Yes; consider signs at x = 0 and at x = n/5. 

44. Let ¢ be arbitrary; then | f(z’) — f(x”)| < provided only that 
| a’ —2”| <8. In particular, | f(z’) — f(z")| << if |2’—a] <8 
| #” — a| < 8, which is Cauchy’s criterion for convergence. 

45. (a) (a? + y® — bu)® = a%(x? + y?), 

(b) 3a? — 4z—4+4 4y2 = 0, 
(c) a = y*(2a— 2). 
(d) a + y® = Sazy. 

47. (a) Circle with centre at —8i and radius 4. 

: +e i? and 
k Be 
radius @_1! B—«al|; if k<1, interchange « ae B; m is 1, the 


perpendicular bisector of the line joining «, f. 
(c) Consider the three possibilities k<1, =1, >1. 
48. The “triangle inequality”: the sum of two sides of a triangle 
is greater than the third side. 


49. The sum of the squares on the diagonals of a parallelogram is 
equal to the sum of the squares on all the sides of the parallelogram. 


(6) If & >1, circle with centre at — 


CHAPTER II 
52. sind — cos a 
ee 
53. f(z) = (1 + 22) ain : _ ¢ + *) cos Z z+ 0; f'(0) does not exist, 
= 


t (x) — =f (0) 


but the difference quotient —__-"—’ as a -> 0 has the upper and lower 


limits 1 and —1 respectively. 
54. f(x) = G = *) sing — 3 cose, 2 + 0; 70) = — 
x. 


55. Use the mean value theorem. 


OO} 


56. Use the mean value theorem. 


57. Consider (x) = {f(x -+ h) — f(x)}/h. Prove that for small (fixed) 
values of h this assumes values above and below y; hence for some value 
of 2, o(z) = u. Then use the mean value theorem. 
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58. Find the equation y = g(x) of the tangent; apply the mean value 
theorem to f(x) — g(x), and use the result of Ex. 55. 


59. Find the equation y = g(x) of the chord joining = a, = m 
of the curve; consider A(x) = f(x) — 9(z), h’(x) = f(z) 20. If h(x) > 0 
somewhere in the interval z, <2 <m., there would be a point & with 
h’(E&) = 0, h(E) > 0; then use Ex. 58. 


60. Use Ex. 59. 

61. 0-006. 

62. (a) $a~¥; (b) sec®x. 

63. Use Ex. 62: (a) 2; (6) 1. 


66. Let p= - f “ult) dt. Find the equation y = g(x) of the tangent 
aJo 


to the curve y = f(x) at the point z= wu. Then f(x) = g(x) for all values 
of « (cf. Ex. 58). Put x= u(t) and integrate. 


67. Suppose that the acceleration is everywhere less than 4. Then 


v < 4t, and similarly v < 4— 4%. Then the distance traversed, s = if vdt, 
is less than 1. 


CHAPTER UI 


68. (a) CS aia + cote etan? #-+log sine, 


(b) A(a + 2)° (a + 1) V/(1 — 24) — 5 Wis TIKI — atal® + 2a 1)" 
+ Malet + 1 Me + 24/1 — a4) 
(c) —asinz + cosz + 32% sina + 2° cosx — ail + ses 
sIn®X sin“a 


69. The denominator must not vanish for any real value of 2; consider 
its discriminant. Also, the numerator of the derivative must not vanish. 
The conditions are ac — 0? > 0,a > 0, ab — aB = 0,a+ 0,ora=b= 0, 
a+ 0, c+0. 


70. Max. for « = —1/e, min. for xz = 1/e, infl. at the point (0, 1) and 
at the point given by (2 + logz?)? + 2/x= 0. 


74. Let T be the triangle of given area and least perimeter, and let 
b be any side of it. Then, keeping 0 fixed, 7’ must be the triangle of given 
base b and given area having the least perimeter. Hence T' must be isosceles, 
and the two sides of 7’ other than b are equal to one another. But b is any 
side, and 7 is therefore equilateral. 
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Analytically, we need consider isosceles triangles only. Let the co- 
ordinates of i vertices be (—2z, 0), (#, 0) and (0. “\; then the peri- 
meter is 2% +- = 2¥ (x* + A*), Equate the first derivative to zero, and find 
the second eta 

75. In virtue of Ex. 71, consider isosceles triangles only. 

76. In virtue of Ex. 72, consider isosceles triangles only. 


77. (a) The derivative of (1 + x)e* is always positive for z 20; the 
minimum for «20 is when x= 0, namely 1; (6) integrate (a) from 
0 to x; (c) integrate (b) from 0 to z. 
[Oa? + (1 — 0)b?]?_ on Goh ; 
(6a? + (1 — apap hen f(0)=f(1)=1. Find 
f’(9) and show that either f’(@) = 0 or f’(®) = 0 for exactly one value of 6 
in the interval from 0 to 1. In the latter case, show that f(6) is never equal 
to 1 for0 <6@< 1. Then evaluate f’(0); it is equal, except for a positive 
factor, to 


78. Let f(6) = 


ye bP yp b2 
P q 
which is negative unless a = 6. Therefore f(@) S 1. 
79. Equality sign holds only if f(0) = 0, ora = 6. 
82. Make a~%*"1(6a + (1 — 6)6) a minimum. 
85. (a) Higher; (6) the same; (c) lower; (d) higher. 
86. Integrate the left-hand side, sum, then differentiate again. 


ss le bP2P[be-? — ao] de, 
b 


hae 2 a” 2 2 
89, Lees (ee da” (xe**!2) = Pail Se 12) 4 5 ” (eatlt) by Leib- 
nitz’s rule. 


90. Eliminate u,,, from both equations; nu,_,= u,’; differentiate 
one of the equations and use this relation. 


91. u,(z) = at +" "5 wn Dao yp MW 7 2)(0 = 3) wag 


92. Apply Leibnitz’s rule to 


(0) ae — DM elle 1). (22 — 1)") 
() Jae pee a [2(n + Ux. (2? — 1)"). 


(c) Equate the two expressions for P74, in (a) and (5). 


93. P,{xj=, 2”) G m(2—1) pay (N= 1)(n—2)(n—3) wt...) 


2"(n!)? 3(Qn—1)" 2.4.(2n—1)(2n—3) 
94. Same as in Ex. 93. 
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P 

95. By the binomial theorem, = 4,,,(x)=(e+1—2)?=1L 
ned 

Also, differentiating 


2 [P 
(a+2P?= 2 ( aetna 
n=O 7, 
& times, we have 


(atare= 56) (eons 


Multiplying by x* and putting a = 1 — x, we have 


(= 2G) G)a— are = 3 Grate 


CHAPTER IV 
96. pga? — SadlO 4 gest 4. S278 — QyN8 _ Bohl + - + 12299 
—2log(1 + alt) — 4 log(1 + 24") — 4V8 are tan 2 (g4 — 2), 
97. FL + e%)"* — $1 + e#) 4, 


98. —6/(1 + 2)(5 + By/(L + &) + By/(L + @) + H/(1 + 2) 
+ By + a) + S41 + 2)%). 


1 1 — et) 1 
99. Put —mt —] 
BPE x 2 8S e@+tat+l 
100. - * are cos > 
101. = = [ese a G ) log (e+ + (3) log (a -+ 2)— +... 
: +(; i. log (a + n) |. 
102. poder] ese cant EN Se DO ayy even; Ret etd ead 9 
. n(n — 2)...2 2 nn — 2)...3 
is odd. 
2n)! ot 
103. 22/(1.3.5.7.9.11.13). 104, 0") = 
((1.8.5.7.9.11. 13) Baik’ S 
105, (mt 106. 7/16. 107. 7/32. 
(n+ I)! 
108. [= (logx)™ da = ee - Paar [* (log x) ™—1 dx. 
109, [oe sinbedz = ap (a sinba — b cosbzx) 
Bae ra . a fore sinbada -- —— En x 7 [one cosbadz. 
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110. [oem cosbadx = ae (a cosbz + 6 sinbz) 
e+ be 


an bn Fs 
a aoe f ale cosbrdx — Le f g"—1¢9 gin bada. 
111. fe uh bade = es _ (0 coshba — a sinhbe). 


112. {@ coshbadz = ae sinh bx — a cosh bz). 


114, 115, 116. Integrate by ie 117. 2°41 (n1)?/(2n + 1)! 
118. Convergent. 119. Convergent. 

120. Convergent if n > —1; divergent ifn s—l. 

121. Convergent ifn > —1,m > —1 otherwise divergent. 

122. Convergent ifn > 0, m > —1; otherwise divergent. 

123. Convergent. 124. Divergent. 

125. Convergent. 126. Convergent. 

127. Convergent if n > 0; divergent if n <0. 

128. Convergent if m > n — 1; divergent if msn — 1, 

129. Convergent. Consider 


(v+1)7 dx -(¢"" (v-+1—«)r (v+1)" ) dz 
f T+ asin? nee 7 eae 14 2 sin’s 


In the first and last integrals the integrand < 1, and in the second 


integral the integrand < ae so that 
wiv‘ sin? ev 
(v+1)7 dx x 
Ot Dex + 
1a 1+ 2 sin*z ~ ny! sin* ex 
Choose « = ang then sinex > $er, and 
yils 


(v+1)" dz k » dz 
—— <=<hk —as 
a 1+ a sin?a a yil3 iw ghls 


vr 


where & is a constant. Finally, 


dz 7 dx zt ime: 
i¢ 


we I Seve ee pate 
Fi ae sia as wale 


se 


——= 9 aS N> De. 


= tates 1 Ten a= |< ees n—1 


0 (v+1)r dx 2 (v+1)e dz - T ze k 
a ie 1+ a sin?z J 1+ (vn)tsint'a = V1 + (vr) Nol 
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4 dic dx 
130. x >[ ee ee er 7 
fi 1+ 2? sin?a I+ 2 3 og (1 + 3 vergen’ 


131. Convergent if 8 << —2,8B+1<a<—lorgB>0,—-l<a< 
6/2 — 1; otherwise divergent. 


Suppose that 8 S0. Then f oa converges only if « < —1; 
a da ‘i wade . . 
a behaves like LT ae ie. if B+ 220, then o > —1, 


contrary to the preceding; if B+ 2<0,«a—6—2>—1. 
Suppose that 8 > 0. Then f ce converges only if « > —1. 


Furthermore, ol + a sin?x 
yoeett =n (vr) dx 
VI+ (y+ 1 né (vt Dent 1+ (v+ 1)8x8 sin?x 


(v +t) ada (v+1)7 (v 4 1)*x*dx (v+ 1)erett 
se OX = - << 
ia 1+ 2sin?z f 1+ (vm)Psin?x ~ V1 + (yr)A 


(v +1): 
or kyo Bl2 < i gine < kyys—6i2, 
1+ 28 sin? 


°  gtda : : 
Hence f Ti Pants converges if, and only if, a — B/2 << —1. 
The antearel may also be umsted by the mentee of Ex. 129, 

~ Jog 


aa. 2 8 


"pone aya Liog ° rf a ae 


a. 


Show that this last integral tends to zero as a > O- 


} _ 
134. Consider f F(a) — f(Bx) dz, and proceed as in Ex. 182. 
F « 


135. In the formula I'(n) = J e #1 dt substitute ¢ = 2? and ¢ = log 
respectively. ° bd 


CHAPTER V 


136. (a) a6 + y6 = Baxty?; (b) x = aare cos 99 + 4/68 — (a — yf 


138. (a) 2 + y= V(a%at + By), (ce) a(x? + y*) + py? = 0. 
(0) 2 + y® = V (ata? — bfy?), = (d) e = 0. 
lV p I 2 
=, Y*? = 4pt( 1+ ——-__—_ }. 
aa o( + sayize) 
142. 5a2/2. 143. nb(2a + b)(a — 6)2/(2a2). 


141. 2=it— 
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46(a + 6) a 
144, —— (a — cos % t). 


146. Choose the axes so that the curve touches the z-axis at the origin, 
and express the ordinate y as a function of the angle which the tangent at 
the point (x, y) makes with the z-axis. 


147. (a) 2/12; (b) B/3; (c), (d) KP/2+ @). 
148. r= cemta.6, 149. (cx— ce + P=B. 


a—b 


151. (x—¢)? + y= 0,3. 152. y = acosh 


153. The length of a straight line joining the points (r,, 9,), 
(yaa Py41) Of the curve is 


VA(ty41 — 7, + 2ryry4i(1 f—. C08 (Gy 41 con Py) )}. 


and the length of a polygonal line inscribed in the curve is 
n—-1 


BVIGer + 1% 4(Ag,)? + Ty 41(A9,)4 s £,}, 


where the | R,|’s are all bounded. Letting the maximum of Ag, tend to 
zero, we obtain 
dr\? 
SVG) +7} 
de 


CHAPTER VI 
1 2 a od 2 
157. 22 — — —76+...; (sing? = (x-—- 21+ _—27 
57. 2 ge tage (sin z) € ar 2°R) 
1 2 
= g— _at+ — 26+ oR’, 
3 tar 
where & and R’ remain bounded as x > 0. 
3 


2 
158. 24 2 oS +...; 
at+at ig” + 


sint iO 


cose x a 


1 2 
= <a 4+ = gb iT, 
a+ 3 + 73% + « 
where R, S, T are bounded as x > 0. 


159 poste ee ; Veose = (1-4 7 “*R) 
4 96 a ai 
1, 1f @ A 4) lf #, 4. \ 
=145(-§tG-*")-a(-at a7 *) 
a at rn) ast 
a ge apy eet Se ee 
+( ear aia Agog 


where R, 8S, T are bounded as x > 0. 
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6 cy 
ie a Gris Ss 
3 45 045 12 1440 28713 


a 5 61, es 
(c) Eire hei" tron” +.... (ad) May a 
_@ aw a 


5 
(e) Oop eta RE fe OF ae os o's (f) @ 1509595" 


1 2 1.3 2 1.3.5 27 
161. a eae 
*+o atm st oH Tt 


2 7 f2n\ (24 — 2n' 1 gett 
162. E ( 5 (7) ( c—n / (Qn + 1)(2t — In + 5) Q?7 * 
1.3.5.....(2v—1) 2th, 
2.4.6....29 WH 
© (Lp g2rt1 -) —1y g2vt+1 
@ 3 | 4 wr @ = a w+ 
(2n)! 2044 ; © gent >» te) anti 
22”(n!)2(2n + 1) ni(2n + 1) (20 + 1) 2n + 1) 


166. ~<(2) 4 Qe 
7 2 \a. + 34 


167. (a) —£5 (b) i (c) 0; (d) e~**; (e) 1, 


169. (a) Minimum at «= 0; (b) maxima and minima at points 


163. (a) ¥ (—1)’ 
v=0 


164, (a) 


where ane 4 which occur once in each interval aa <a< d . 
co © (n+3)n (n—3)x 


n= +1, +2,...; maxima and minima alternately. 


CHAPTER VII 
170. 5-881a. 171. 11, 
172. 0-82247. 173. -175, -302, 3-490. 


174. Since log(« + x) is convex downward, and a > 0, 
n+ 
log(a + 1) +...+ log(a +n) >f log (ca + x)azx 
= (n+ 3+ a) log(n + 3+ a) — (+ 4) log(a + 4) — 2, 


or ofa t1)...(a+n) > el @bdt aetit* on payains, 


(a+ ayett 
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where k(«) is a positive number depending on «. eae 
a, 


n= (1+ +) (1- ~lfa1 eueeD 1 

On—1 nt ? 

where R remains bounded as n>. Therefore, for sufficiently large 
values of n, a, <@,-, and the sequence is monotonically decreasing. 


l 
175. o-+ (n+ 4) logn— & (n, + 4) logn, 


vel 


CHAPTER VIII 


178. If lim a, <1, the terms do not tend to zero. If lima, > k > 1, 


compare the series with & a 


m 
179. For any ¢, = a,<e for every , m sufficiently large. But 
m v=n 
Xa, > (mM— n)tyy OF Ma, < e+ Nay. Keeping n fixed, choose m 
ven 


so large that na,, < ¢; for every such m, ma,, < 2c. 
180. Apply Ex. 179. 


oe 
181. Let s, denote the partial sums of X a,, s the sum, and let 
Oy, = 38,— 8 Then net 


m m m 
2% a,b, = X (9, — 9,.4)b, = 2 4,(b, — b,44) — On~10n ae Omomi 


v=n v=n v=n 


For every sufficiently large v, {o,{ < ¢, and 


m 
= a,b, 


ven 


m 
<e |b, ~ Bar| +] bal + € | Ons | 
v=n 
< |b, — Omir | + 1 bn + €| Ota | 


This is in turn less than 4Be, where B is a bound for | 6, |, and the series 


wo 
2 a,b, converges. 
vel 


182. Proceed as in Ex. 181: 
m m ™m 
D> a,b, = x (8,— 1 )Oy = >» 8,(6, — 5,41) — 8h bn + 8 Pm 
v=n von v=n 
and use the monotonic character of 0,, the fact that 0, > 0, and that 
| 8 | <8 for every v. 


183. (a), (b), (2), (f) Convergent; (c) convergent if 6 + 2nn; (e) con- 
vergent if 6 + (2n + 1)x. 
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184. (a) $log2; (5) log2. 
185. (a) c= 1; (b) ae Sl. 
186. (a) Diverges; (6) converges. 


188. If |a,| < = for every sufficiently large n, then 


a? > (1+ e)logn or Hellen! >I+e 
| Gy en 
Reverse the argument: log 1/| dnl 5 1+ « implies |a,| apse os . Similarly 
for divergence. logn 
189. Apply Ex. 188. 
190. Proceed as in Ex. 188. lol 
191. The n-th root test may be written as follows: if log 1/| an 
the series converges; if < —«, the series diverges. Write n 
log1/| a | Ze” log 1/| Ay | 
logn logn n 


192. If | Cott 


< Pat for every » = N, then 
a, by 
| Ones | < mH} a, | < Pott» fa lc... < Perl ge 8 
by, On Ona by 
therefore Z | a,| converges if Xb, does. Similarly for divergence. 


eo 
194. Use Ex. 192, comparing ba = “. The series Z | a,| converges if 


dnl > (1+ 1 ae en #44 
| n41 | 


where « > 1. Then 
n( Leal — 1)>atS>1+e 
| Ont | n 

Revenie the argument: 

ak val -1) > ] + € 

"\Ta, nt | 
implies the convergence of X|a,|. Similarly for divergence. 

195. =| a,| converges if 


te(1 +2) 
tant s +504" log( 1 + 


[ent | 
where « > 1. Then 
miogn( aul — 1— -) > ees l+e. 
Fatt n n 


Reversal of this argument gives the convergence test; similarly for 
divergence. 


a) ee 1+ - * + pate. , 
ert n® logn 
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197. (a) Converges if 8 — a > 1, diverges if B—« S1. 
(b) Converges if y > «+ ee age a 


. 


1 
198. (a) Ife 21+ ¢, s 2 ae Similarly for (6). 


es ve av! 
199, The partial sums of 2% cos vz are matory bounded for ey «in 


elvx + enivx 


eXxS2n—s. (Write cosvt= ——p—_ and z cosva= $4 5 eve), 
y=0 y= —n 


Then prove the theorem analogous to Ex. 182 for uniform convergence. 


1 
200. Tf x lies in the interval e <2 SVN, then y= 7 lies in the 
2 2 
<ys1-_—. 
l+e N+1 
201. (2) —l1<2#<1; (0) —4<2<4; (c) t>1; (d) > 0; (e) any 
x; nee (g) « > 1; (ea 


interval 


a, © 4 
202. If = *% converges, write > == 5 ~~. => and use Ex, 
v=l ve y=” yelV? V * 


oe) oe 
181 or 182. If & = diverges, & = cannot converge for  < x, by what 
ye1v’® 


pel 


has just been proved. 


a, logy — yy & logy 
203. Write & ——>- =>. a 


204. Clearly z aja” < = a, for x < 1. On the other hand, 
=0 


oe 


lim E a,x” > lim Fi gate sag or lim 3 a2 = E a, 


x—>1v=0 x—>1v=0 v=0 x-—>1lv=0 v=0 
@ 
205. As in Ex. 204, lim 2X aa 3 a, and hence is ». 
mee v=0 v=0 


206. Write E aa’ = z fos e i Then prove the theorem analo- 


gous to Ex. 181 for uniform moiveiaenee: if = a, converges, and if the 
v=0 
sequence bo(x), 5;(x),---» On(%),+-- is monotonic for every 2 and uniformly 
oO 


bounded for every x in a certain interval, then = a,b,(x) converges 
uniformly in that interval. ved 


207. This follows from the unHort convergence of the series z had 
in the interval O S27 <= X. For then E a,x” is continuous in that jnterval: 
v=0 


208. (a) x(1 + z)(1 + 2%); (6) (1—#)/(lL-—2+ a), 
209. (a) The series is equal to — a ZE =) 3 


Eas 
V(1+2)— V(1— 2) 


(b) The series is equal to 3 


a=1 
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CHAPTER IX 
211. nxcotne = 1-- 22% E - : wpotes 2 zo) 
pool — x2 y= Vv? m=0 yam 
wo Keo) 1 
= _— mr 
! Ain Be ym) 
1 logs 2] ! loga © (—1)y 
214, {= eee Sey [ «= = : 
te) o 1-2 23 (0) 0 l+<2 pel ve 
216. (a) V2; (b) V3. 
1 2a 1 1 1 
217. cothne— | = ( +). 
a maz = ome \I2+ 2? aig? gpa 


CHAPTER XI 


218. e+e = V(a?— y*) — alog 
219. dy? +ae=e. 


a+ Via — y%) 
y 


E : A = 
221. [= Ce + otal) sin (wt — ~)+ CECT) e-Ptiu, where 
tano = Ou 
e 


222. a2 = a? — aa time of descent is a2/Vk. 
a 


223. Differentiate with respect to x and solve the resulting differential 
equation for p in terms of 2: 


y=- 55 and yalte. 


224. 2= —1 + V(2y + ¢) + log(—1+ V(2y + ¢)) 


INDEX 


Absolute convergence, 369 ef seq. 

— — of integrals, 418. 

Absolute value, 6, 74. 

Acceleration, 100, 292. 

Accumulation, point of, 58-60. 

— upper and lower points of, 62. 
Addition theorem for logarithm, 169. 
_ = for hyperbolic functions, 185, 


189. 

Algebraic functions, 23, 460, 485. 

Almost periodic functions, 437. 

Amplitude of complex number, 74. 

— of vibration, 296, 427, 432. 

Analytic functions, 413. 

Angle between two curves, 264. 

Approximation by polynomials, 321 et 
$€q., 423. ; . 

— by trigonometric expressions, 437-56. 

— linear, 349. 


— practical methods of, 342-64. 
Ar sinh, See Inverse 'yperbolic 
Functions. 


Arc of curve, 276-80. 

——— as parameter, 260, 282. 

—— in parametric representation, 278, 
279. : 

— — in polar co-ordinates, 280. 


Arc sine. See Inverse Trigonometric 
Functions. 

Archimedean spiral, 290. 

Area, 77-9. 


— extending to infinity, 247. 

— of closed curve, 269-75, 311-4. 
— of surface, 499. 

— orientation of, 268, 312-4. 
Arithmetic progression, 29. 
Arithmetic-geometric mean, 46. 
Astroid, 267, 290, 311. 
Atmospheric pressure, 181. 
Attraction, 298, 306. 

Axes, change of, 265. 
Axiomatic method, 56. 


Beats, 432. 

Bernoulli’s equation, 521. 

— numbers, 422-3, 446. 

— polynomials, 446. 

Bessel’s inequality, 451. 
Bimolecular reaction, 231. 
Binomial coefficients, 28, 23, 329. 
— series, 329, 336, 406. 

— theorem, 201. 

Bounded sequence, 38, 45, 60. 


Bounds, upper and lower, 61. 
Boyle’s law, 14, 181. 


Calculus, applications to scientific 
phenomena, 107-9, 124-6. 

Cardioid, 267, 290. 

Catenary, 280, 288, 291. 

Catenoid, 288, 297. 

Cauchy’s convergence test, 39, 60. 

— — for series, 367. 

— form of remainder of Taylor’s series, 


324. 

— notation for derivatives, 90, 467. 

Centre of curvature, 283, 307-11. 

— of mass, 283-4, 291, 497, 498. 

Chain rule for differentiation, 153-5, 
202. 

— — with several variables, 474, 475. 

Change of axes, 265. ‘ 

Change of variable, 477-9. 
Chain Rule, Substitution. 

Circle, centre of mass of arc of, 291. 

— involute of, 310. 

— moment of, 497. 

— parametric representation of, 258. 

— pedal curve of, 267, 290. 

Circle of convergence, 413. 

Circle of curvature, 282, 333-4. 

Circular frequency, 427. 

Closed interval, 15, 64. 

Comparison of series, 377-80, 392. 

— — with an integral, 380-1. 

Complementary function, 509. 

Complete integral, 502. 

Complex notation for vibrations, 433, 
435- 

— numbers, 73-5- 

— variable, 410-4. 

Compound function, 153-6, 472-85. 

— — differentiation of, 154, 474, 475+ 

Condenser, charging of, 307. 


See also 


Conditional convergence. See Con- 
vergence, _ ; 

Constants, integration, 110, I14, 115. 
§02. 


Contact of curves, 331-3. 

Continuity, 16, 49-51, 54, 63, 244-5. 
—and differentiability, 79. 

— of functions of two variables, 463-5 
— of limit, 393- 

— sectional, 438. 

— uniform, 51, 65. 

Contour lines, 461-2. 


612 


Convergence, absolute and conditional, 
369-75. 

— circle of, 413. 

— interval of, 400. 

— of Fourier series, 439, 447-55. 

— of improper integrals, 247, 250, 418. 

— of infinite products, 420-2. 

— of integrated series, 394-6. 

— of power series, 399-401. 

— of sequences, 38. 

— uniform, 386-97. 

Convergence tests, 367, 368, 377-81. 

— — Cauchy’s, 39, 60, 367. 

— — Leibnitz’s, 370. 

— — for infinite products, 421. 

— — for integrals, 248, 250. 

--— for uniform convergence, 391-2, 


398. 

Cooling of hot body, 180. 7 : 

Cosine, 24-25. See also Trigonometric 
Functions. 

— derivative of, 96, 99. 

— infinite series for, 327-8, 411. 

— integral of, 87, 143. 

Cosine series, 440. . 

Cotangent, 24-5. See also Trigonometric 
Functions. 

— derivative of, 141. 

— integral of, 208, 214. | 

— resolution into partial functions, 


cube moment of inertia of, 498. 
Current, alternating, 433-5, 503 et seq. 
Curvature, centre of, 283, 307-11. 

~~ circle of, 282, 333-4. 

— in polar co-ordinates, 280 et seq., 291. 
— radius of, 282, 308. 

Curve, area of, 269-75, 311-4. 

— concavity or convexity of, 158-9. 

— curvature of. See Curvature. 

— derived, 90, 99. 

— equation of normal to, 263. 

— equation of tangent to, 263. 

— evolute of, 283, 307-11. 

—— involute of, 309, 310. 

— length of arc of, 276-80. 

— parallel, 291. 

— pedal, 267. 

Curves, angle between, 264. 

— contact of, 331-3. 

Cycloid, common, 261, 262, 287-8, 290. 
— evolute of, 310. 

Cycloidal pendulum, 303. 

Cylindroid, 465. 


Decimals, 8, 55. 

Definite integral. See Integrals. 

De Moivre’s theorem, 74, 411. 

Density, 122. : 

Derivative of compound function, 154, 
474, 475. | . 

— of implicit function, 483. 

— of infinite series, 396-7. 

— of inverse function, 145. 

— of limit, 156. 

— of product, 137, 202. 

— of quotient, 138, 139. 

— parametric expression ‘or, 262. 


INDEX 


Derivatives, higher, 99. 

— partial, 466 et seg. 

—~ — equality of “ mixed ”, 471. 
— table of, 206. 

Derived curve, 90, 99. 
Difference function, 26. 

— quotient, go, 102. 

Differentiability, 79, 91, 97, 109, 199- 
201, 244-5, 471. i 
Differential coefficient. See Derivative. 
Differential equation for elastic vibra- 

tion, 296, 502. 
— — for exponential function, 178. 
— — for motion on curve, 294, 524-5. 
— — homogeneous, 503, 504-8, 519-21. 
— — non-homogeneous, 509-12. 
Differentials, 107. 
Differentiation. See Derivative. 
Direction cosines, 263. 
Dirichlet integral, 251-3, 418-9, 450. 
Discontinuity, 51, 71. 
— of derivative, 197 et seq. 
— of functions of two variables, 464-5. 
— of integral, 245-9. 
Distortion, 511, 518. 
Divergence, 39, 45. 
gence. 


Double integral. See Multiple Integral. 


See also Conucr- 


&, 43, 172, 175, 327, 336. 

lastic vibrations, 295-8, 502 et seq. 
Electric circuit, 182, 433-5, 503 et seg. 
Ellipse, area of, 274, 
—_— evolute of, 310. 
— length of arc of, 289. 
— moments of, 500. 
— parametric representation of, 258. 
— pedal curve of, 267, 290. 
— radius of curvature of, 290. 
Ellipsoid, 485. 
— volume of, 493-4. 
Elliptic integrals, 243-4, 249, 255, 289, 


409. 

Envelope, 308. 

Epicycloid, 267, 311. 

Epoch, 427. 

Errors, calculus of, 349-52. 

Euler’s constant, 381. 

— formula, 411, 412. 

Even functions, 20. 

Evolute, 283, 307-11. 

Expansion of rod, 14, 351. 

Exponential function, 25, 69, 171-7, 
195. . 

—~—as inverse of logarithm, 25-6, 
171. 

— — as limit, 175. 

— — continuity of, 69. 

— — derivative of, 173. 

— — differential equation for, 178. 

— — multiplication theorem for, 171. 

— — of complex variable, 411-14. 

— — order of magnitude of, 191, 195. 

— — power series for, 32! 399, 405. 

Extreme values, 160. See also Maxima 
and Minima. 


Factorial, 251, 361-4. 


INDEX 


Fall of body, free, 94. 

— — on curve, 299-304. 

—- — with resistance, 294. 

False position, rule of, 357. 

Fejér kernel, 437. 

Fermat’s principle, 165, 166. 

Folium of Descartes, 267, 290. 

Force, concept of, 293. 

Forced vibrations, 510-6. 

Fourier coefficients, 438. 

Fourier series, 437-56. 

— — convergence of, 439, 447-56. 

— — integration of, 455 et seq. 

Free vibrations, 503, 507. 

Frequency, 296, 427. 

~— circular, 427. 

— exciting, 513. 

-— natural, 507. 

— resonance, 514. 

Fresnel integrals, 253. 

Friction, 294, 502, 507. 

Function, 14. 

— algebraic, 23, 460, 485. 

— almost periodic, 437. 

— analytic, 413. 

— compound, 153-6, 472-85. 

— continuous, 63, 65, 67, 68, 70. 

— differentiable, 91, 97, 109, 199. 244. 

— elementary, 68, 205. 

— even, 20. 

— geometrical representations of, 16, 
71, 258. 

— inverse, 21, 67, 145. 

— monotonic, 19, 20, 106, 135. 

—of a function. See Function, Com- 
pound, 

— of integral variable, 27. 

— periodic, 425 et seq. 

— rational, 22, 55, 69. 

— sectionally smooth, 438, 439. 

— transcendental, 24, 485. 

— with no Taylor series, 336. 

Function of several variables, 458 et seq. 

—— continuity of, 463-5. 

— — derivatives of, 466 et seq. 

—— geometrical representations of, 
460-2. 

— — implicit, 480~5. 

Functional determinant, 479, 480. 

Fundamental theorem of algebra, 73. 

——of the differential and integral 
calculus, 114. 

Fundamental vibration, 429. 


Gamma function, 250-1, 418. 
Geometric series, 34, 315, 392, 400, 407. 
Gradient, go. 

Graphical integration, 119-121. 
Gravity, 293. 

Gregory’s series, 319, 352. 449. 443. 
Guldin’s rule, 285. 


Half-value period, 180. 

Harmonic series, 368, 381-2. 
Harmonics, 429-31. 

Hyperbola, 23. 

Hyperbolic functions, 183-9. 

— — addition theorem for. 185, 189. 
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Hyperbolic functions, connexion with 
trigonometric functions, 114. 

— — definition, 184. 

— — derivatives of 186. 

— — geometrical representation of, 188. 

— — integration of, 214. 

—— inverse, 186-7, 318, 408. 

— — power series for, 328. 

—— rational representation of, 235-6. 

Hyperbolic paraboloid, 460. 

Hypocycloid, 267, 311. 


Implicit functions, 480~5. 

Improper integrals, 245-55 et seq.. 417-9. 

Indefinite integral, 110-7. 

Indeterminate expressions, 338-41. 

Indicator diagram, 305. 

Inequality, 12. 

— Bessel’s, 451. 

— Schwarz’s, 12, 130, 451. 

Inertia, moment of, 286. 498, 499. 

Infinite discontinuities, 52, 464. 

— — of integrand, 246-9. 

Infinite interval of integration. 249-59. 

Infinite products, 419-22. 

Infinite series, 366-417, 422-56. 

Infinity, 33. | 

Inflection, points of. 159, 266. 334 
335- 

Integrals, definite, 76-82, 117. 

— improper, 245-55, 417-9. 

— indefinite, 110-7. 

— multiple, 486~—499. 

— numerical calculation of, 343-8. 

— of continuous function, 79. 112, 131 


488. 

— of sum and product, 141. 

— recurrence formule for, 221~5, 241. 
— table of, 206. 

Integrand, 80. 

Integration. See also Integrals. 

— by parts, 141, 218-25. 

— constants of, 110, 114, 115, 502. 
— graphical, 119-21. 

— of Fourier series, 455 et seq. 

— of infinite series, 394~6. 

— of power series, 401. 

— of rational functions, 226-34. 
Interest, 179. 

Intermediate value theorem, 66~7. 
Interval, closed, 15, 64. 

— open, 15. 

Interval of convergence, 400. 
Inverse function, 21, 67. 

— — derivative of, 145. 

ee hyperbolic functions, 186~7, 318. 


Inverse trigonometric functions, 148-51. 
220-1, 243, 319, 407-8. 412. 

Involute, 309, 310. 

Irrational numbers, 6 et seg. 

Irrationality of e, 336. 

Iteration, method of, 358—60. 


Jacobian, 479, 480. 
Jump discontinuity, 51, 464. 
—— — of integrand, 245. 
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Lagrange’s form of remainder of Taylor’s 
series, 324. 

— notation for derivatives, go. 

Laplace’s equation, 479. 

Lattice points, 13. 

Leibnitz’s convergence test, 370. 

Leibnitz’s notation for definite  in- 
tegrals, 80, 487. 

— — for derivatives, go. 

— — for higher derivatives 102. 

Leibnitz’s rule for successive differen- 
tiation, 202. 

Lemniscate, 72. 

— area of, 275-6. 

— length of arc of, 289. 

Level surface, 462. 

Limit, 29, 38, 41, 46, 59. 

— upper and lower, 62. 

Limit of curves, 385. 

Line of support, 270. 

Logarithm, addition theorem for, 169. 

— as limit, 176. 

— calculation of, 353-4. 

— continuity of, 69. 

— definition as integral, 167. 

— integral of, 208, 220. 

— inverse of, 25-7, 171. 

— order of magnitude of, 192, 195. 

— power series for, 316-8. 

— values of, 171. 

Logarithmic decrement, 507. 

Logarithmic spiral, 290. 


Mass, centre of, 283-4, 291, 497, 498. 

— distribution of, 122. 

Mass action, law of, 182, 231. 

Maxima and minima, 159-67. 

— relative, 160. 

— sufficient conditions for, 161, 334-5. 

Mean value theorem of differential 
calculus, 102-5, 134. 

— — generalized, 135, 203. 

Mean value theorem of integral calcu- 
lus, 126 et seq. 

— — generalized, 127. 

— — second, 256-7. 

Modulus, 6, 74. 

Moment, 283, 284, 497, 498. 

— of inertia, 286, 498, 499. 

Monotonic functions, 19, 20, 135. 

— — inverse of, 67. 

— — sign of derivative of, 106. 

Monotonic sequences, 40, 61. 

Motion on a given curve, 293-4, 296, 
304, 524-5. 

Multiple integral, 486—99. 

—— in polar co-ordinates, 494-9. 

— — of continuous function, 488. 

— — reduction to single integrals, 489— 


93. 
Multiplication of series, 408, 415~7. 


Neighbourhood, 159-60. 
N aes $ approximation method, 355-— 


—law be cooling, 180, 
— — of gravitation, 306. 
— notation for derivatives, 262. 


INDEX 


Newton’s second law, 292. 
Normal to curve, 263. 
Number axis, 6. 
Numbers, complex, 73-5. 
— irrational, 6 et seq. 

— prime, 424. 

— rational, 

— real, 8. 


Odd functions, 20. 
Ohm’s law, 182, 434. 
Open interval, 15. 
Order of magnitude. 
338 et seq. 
Onentation of areas, 268, 312-4. 


190-5, 248-50, 


Orthogonality relations of trigono- 
metric functions, 217, 438. 

Oscillations, 53, 54. 

— electrical “and mechanical. See 
Vibrations. 


Osculating circle, 333-4. 
— parabola, 332. 


1, 44, 152. 

— numerical calculation of, 352-3. 

— series for, 319. 

— Wallis’s product for, 223-5, 363. 


445- 

Fare 19. 

— area of, 88. 

— length of are of, 280. 

— osculating, 332. 

— radius of curvature of, 280. 

Parabola of higher order, 19, 23. 

Parabola, semicubical, 99, 259, 290. 

Paraboloids, 460, 462. 

Parallel curve, 291. 

Parameter, 258, 260. 

Parametric representation of a curve, 
258 et seq. 

— — area in, 278. 

— — length of arc in, 278, 279. 

Partial derivatives, 466 et seq. 

Partial fractions, resolution of cotan- 
gent into, 444. 

—— resolution of rational functions 
into, 229-34. 

— — resolution of secant into, 445. 

Partial sums, 366. 

Particular integral, 509. 

Pedal curve, 267. 

Pendulum, cycloidal, 303. 

_— ordinary, 302, 304, 351. 

Period of vibration, 296, 301, 426 
427. 

— — of pendulum, 302, 304, 351. 

Periodic functions, 425 et seg. 

Phase, 427. 

Phase displacement, 427. 

Plane, equation of, 460, 462. 

Polar co-ordinates, 72, 261-2, 265, 267. 

— — area in, 275. 

— — curvature in, 280 et seq., 291. 

— -— double integrals i in, 494-5. 

— — length of arc in, 280. 

— — partial derivatives i in, 477. 

Polygonal function, 70. 


INDEX 


Polynomials, 22, 55, 69. 

— derivatives of, 140. 

— in two variables, 459, 464. 

— integration of, 143. 

— Taylor series for, 320-1. 

Power function, definition of, 69, 174. 

— — derivative of, 94-5, 118, 155, 174. 

— — graphs of, 33. 

— — integration of, 84, 85, 128, 176. 

— — inverse of, 33, 147. 

Power series, 398-413. 

— — convergence of, 399-401. 

— — for given functions, 404-10. 

— — integration and differentiation of, 
401-2 

—— multiplication and division of, 
426-7. 

—~— uniqueness of, 403-4. 

—— with complex terms, 410 et seq. 

Prime numbers, 424. 

Primitive function, 113, 115. 

Principal value of inverse sine function, 


148. 
Probability, specific, 126. 
Products, infinite, 419-22. 
— — convergence test for, 421. 


Quadratic function, 23. 
— — definite, 227. 


Radian measure, 24. 

Radioactive disintegration, 180. 

Radius of curvature, 282, 308. 

Range of definition, 458. 

Ratio test, 378. 

Rational functions, 22, 55, 69. 

— — differentiation of, 140. 

— — integration of, 226-34. 

— — of two variables, 59, 464. 

— — order of magnitu le of, 195. 

—— resolution into partial fractions, 
229-- 

Rational numbers, 6. 

Rational representation of hyperbolic 
functions, 235-6. 

— — of trigonometric functions, 234-5, 
240. 

Real numbers, 8. 

Rearrangement of series, 372-5. 

Recording instruments, 517. 

Rectangle rule, 343. 

Rectifiability, 276, 277. 

Recurrence formule, 221-5, 241. 

Reflection, law of, 164-5. 

Refraction, law of, 165-6. 

Remainder of Taylor series, 322-5. 

Resonance, 514 et seq. 

Revolution, surface of, 285. 

Rolle’s theorem. 1o4~5. 

Root test, 378, 379. 

Roots of unity, 75. 

Rotation, 265, 273 477. 


Saddle point, 462. 

Schwarz’s inequality, 12, 451. 

— — for integrals, 130. 

Secant, 24. See also Trigonometric 
functions. 


615 


Secant, integral of, 215. 

— resolution into partial fractions, 445 

Sectionally continuous, 438. 

— smooth, 438. 

Sense of description of curve, 260. 

Sequences, 28. 

— bounded, 38, 45, 60. 

— convergent, 38. 

— limits of, 59. 

— monotonic, 40, 61. 

— of functions, 383 et seq. 

Series, Fourier. See Fourier series. 

Series, infinite, 366-417, 422-56. See 
also Convergence; Power Series; 
Fourier Series. 

—— absolutely convergent, 369 ef seq. 

— -—~and improper integrals, 417-9. 

—— comparison of, 377-80, 392. 

— — — with integrals, 380-1. 

——definition of convergence for, 

366-7. 

— — differentiation of, 396-7. 

— — integration of, 394-6, 401. 

—— multiplication of, 408, 415~7. 

— — of functions, 383 et seq. 

—— operations with, 376. 

— — rearrangement of, 372-5. 

— — uniformly convergent, 389~92. 

Series, power. See Power Series. 
— Taylor. See Taylor Series. 

Simple harmonic vibrations. See 
Sinusoidal dettorcind 

Simpson’s rule, 

Sine, 24-5. 
Functions. 

— derivative of, 96, 99. 

— infinite product for, 420, 421, 445. 

— infinite series for, 327-8, 411. 

— integral of, 86~—7, 143. 

Sine series, 440. 

Sinusoidal vibrations, 296, 427 et seq., 
O77. 

ane complex notation for, 433. 435. 

Smooth, sectionally, 438. 

Specific heat, 123. 

Specific probability, 126. 

Sphere, equation of, 460, 462. 

— volume of, 495. 

Spring, stretching of, 306. 

Stirling’s formula. 361-4. 

Straight line, polar equation of, 262. 

Substitution, method of, 207-18, 253. 

Sums, upper and lower, 78. 

Superposition of vibrations, 428 et seq.. 
435, 510, 517. 

Surface, analytical 
460 et seq. 

— area of curved, 499. 


Pe “also Trigonometric 


representation otf 


Tangent formula, 344. 

‘Tangent galvanometer, 350. 

‘Tangent to curve, equation of, 263. 

Tangent (trigonometrical), 24-5. See 
also Trigonometric Functions. 

— — derivative of. 141. 

— — integral of, 208, 214. 

—— power series for, 423. 

Taylor series. 325, 398 et seq., 404. 
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Taylor series, remainder of, 324. 

Taylor’s theorem, 320-3. 

Time as parameter, 260. 

Torus, 291. 

Tractrix, 291. 

Transcendental functions, 24, 485. 

Trapezoid formula, 343. 

Trigonometric functions, 24, 48. 

— — differentiation of, 96, 140. 

——— exponential expressions for, 411- 
413. 

— — integration of, 86-7, 143, 214. 

—-— inverse, 148-51, 243, 319, 407-8, 
412. 

— ~—— power series for, 327—8, 411. 

—-— rational representation of, 234-5, 
240. 

Trigonometric 
436. 


summation formula, 


Undetermined coefficients, method of, 
201, 232, 404-6. 

Uniform continuity, 51, 65. 

Uniform convergence, 386-97. 

— — tests for, 391-2, 398. 

Unimolecular reaction, 182. 

Uniqueness of power series, 403-4. 


INDEX 


Uniqueness of solution of differential 
equation, 508. 


Variable, 15. 

— change of, 477-9. See also Chain 
Rule, Substitution, 

— complex, 410-4. 

Variables, separation of, 523. 

Variation of parameters, 522. 

Velocity, 93, 292. 

Vibrations, 295 et seg., 426 et seq., 502 
et seq. 

— sinusoidal, 427 et seg., 507. 

— — complex notation for, 433, 435. 

— — damped, 507. 

— — forced, 510-6. 

— — free, 503, 507. 

—-— superposition of, 428 et seq., 435, 
510, 517. 

Volume, 486 et seq. 


Wallis’s product, 223-5, 363, 445. 


Weierstrass’ approximation theorem. 
423. 

— principle, 58. 

Work, 304-7. 


Zeta function, 380-2. 420, 421~2. 


